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The primary focus of this thesis is to investigate two particular heat exchangers in the steam power plant 
located at the University of Kansas. The secondary focus of this thesis is to compare the power 
consumption of two specific condensate pumps, also in the steam power plant located at the University 
of Kansas. The power plant generates and supplies steam (not electricity) to the buildings on the KU 
campus. The boilers in the plant require fuel (natural gas) to convert the feed water into steam. The two 
heat exchangers have been investigated to see how they affect the amount of natural gas that is required 
by the boiler during normal plant operation. Also, the power consumption of two specific condensate 
pumps, one constant speed and the other variable speed, has been compared during normal plant 
operation. 
Heat exchangers have been widely used to substantially contribute to energy consumption savings, 
especially in power plants.  There are presently two Bell & Gosset SU type heat exchangers in the steam 
power plant located on the University of Kansas campus. One of the heat exchangers is located in the 
basement of the power plant while the other heat exchanger (also known as the “vent condenser”) is 
located on the first floor of the power plant. A comparative study has been conducted to investigate the 
amount of natural gas saved in one year by each of these heat exchangers.  
There are two types of pumps that are used to supply condensate water in the power plant. One of these 
pumps is a Worthington D-824 constant speed pump, while the other is a pair of Grundfos CRE 15-3 
variable speed pumps. These pumps provide water to the deaerator tank. The DA tank uses steam to 
preheat the condensate water and remove air and other non- condensable gases from that water before 
the water flows to the boilers. Both of these types of condensate pumps also move the condensate water 
up to the vent condenser on the first floor. 
Different instruments were used for the measurement and recording of data in this thesis. The 
temperature data of the water was recorded by installing temperature sensors on the outside surfaces of 
the pipelines. These temperature sensors were installed at the inlets and outlets of the vent condenser 
and the basement heat exchanger. Temperature was recorded on a per-minute basis. Pump data such as 
discharge pressure, discharge flow rate and power consumption were also recorded on a per-minute 
basis. Pressure transducers were used to record pressure; magnetic flow meters were installed to record 
flow rate; and a power measuring device associated with the pumps helped in measuring power 
consumption. There was a common data acquisition system for all components. A Gateway laptop with 
HOBOWARE software installed was used to record and plot the data obtained from the respective data 
measuring instruments. 
The basement heat exchanger’s function is to heat the cold makeup water (i.e., the water received from 
the city of Lawrence) before it goes to the condensate storage tanks, which are also located in the 
basement. Also, this heat exchanger helps to reduce the boiler blowdown water temperature to a 
temperature less than 1400 F (for environmental safety standards) before this water is drained to the 
sewers for disposal. In contrast, the vent condenser receives steam (along with associated non-
condensable gases) from an open feed water heater in the basement (also called the Dearator tank or DA 
tank). This steam heats the condensate water flowing through the vent condenser. The vent condenser 
then returns this heated condensate water back to the condensate storage tanks located in the basement. 
Natural gas is used in the boiler to convert the condensate water into steam. The use of these two heat 
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exchangers saves natural gas which can be assigned a dollar value. It was found that the vent condenser 
saves approximately $27,680 for one year, while the basement heat exchanger saves approximately 
$7,660.  
In continuation of the work done by a previous KU-ME graduate student, Raoof Alabdullah, the power 
consumption of both the Worthington pump and the Grundfos variable speed pumps was investigated 
for each month from June of 2015 through November of 2015. The average power consumption for the 
Worthington pump over this time period was found to be 5.29 kW. The Grundfos pumps can operate in 
either of two modes: pressure control or level control; and the average power consumption of the 
Grundfos pumps is considerably different, depending on operation mode. The pressure control mode of 
the Grundfos pumps is similar to that of the Worthington pump’s operation, i.e., the Grundfos pumps run 
at a constant discharge pressure. Operation in level control mode depends on the water level of the DA 
tank. Based on how close this water level is to the target level (which is 52% of tank capacity), the Grundfos 
pumps either speed up or slow down, causing fluctuations in the discharge pressure. Also, while running 
in level control mode, the Grundfos pumps do not have enough pressure head to supply water to the vent 
condenser on the first floor. On October 21 and October 29, 2015, level control mode was employed from 
1:30 pm to 3:30 pm; and the power consumption of the Grundfos pumps during this mode was compared 
to that of the pressure control mode runs made from 12 pm to 1:30 pm on those same days. The Grundfos 
pumps consumed 1.33 kW on October 21 and 3.66 kW on October 29, during the time periods when they 
ran in level control mode. This was considerably less than the 5.2 kW and 5.6 kW consumed by the pumps 
when they ran in pressure control mode on those same days. Thus, the level control mode allowed for 
significant decreases in power consumption.  
A theoretical comparative study was also done between the Worthington pump and a less powerful 
condensate pump that would provide condensate water to the DA tank only. A Dayton constant speed 
pump was selected for this purpose. The vent condenser was assumed to be absent from the power plant, 
so no condensate water flowed to the first floor. This was compared to the current system with the 
Worthington constant speed pump supplying water to both the DA tank and the vent condenser. It was 
estimated that, for a 3% rate of interest, the presence of the vent condenser yields $20,296 in yearly 
savings as compared to just $2,470 if there were no vent condenser present and the pump were smaller. 
The savings calculations are with respect to the baseline: the Worthington pump being used without the 
vent condenser. The yearly costs of the Worthington pump and the Dayton pump were factored into the 
calculation of these savings, as was the cost of the vent condenser. 
It is thus concluded that the vent condenser and the basement heat exchanger should continue to be used 
because of the large amount of natural gas savings. Also, the Grundfos pumps should be run in level 
control mode whenever possible, so that there is less power consumption by the pumps. In addition, it is 
recommended that the vent condenser be moved from the first floor to the basement near the DA tank, 
so that the Grundfos pumps can be operated in level control mode while the vent condenser is also in 
operation. By the simultaneous use of the vent condenser and the Grundfos pumps in level control mode, 
natural gas savings of an additional $15,000 for a period of 20 years might be achieved. 
Different methods can be attempted in the future so as to improve calculation accuracy. To get even more 
accurate temperature data, instead of the external temperature sensors presently used, temperature 
sensors which are inserted into the pipelines could be installed at the inlets and outlets of the vent 
condenser and the basement heat exchanger. This would allow the sensors to be in direct contact with 
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the condensate water. The data acquisition system for such sensors would thus record the most accurate 
temperatures. Presently, only the flow rate of the condensate water for the vent condenser and makeup 
water flow rate for the basement heat exchanger are known. Flow meters could be installed in the shell 
side of both the vent condenser and the basement heat exchanger. The flow rate data of the condensed 
steam in the vent condenser’s shell side and of the flash tank water in the basement heat exchanger’s 
shell side would then be known. This would help to improve the accuracy of calculated natural gas savings. 
Also for future purposes, a flow meter with an associated data acquisition system could be installed in the 
makeup water line. This would help in recording the actual flow rate of makeup water, rather than 
estimating the makeup water flow rate based on temperature rise of the water as has been done in this 
thesis. Presently, there is no flow meter installed in the makeup water line. So, the makeup water’s 
average flow rate is estimated based on the temperature rise in the makeup water across the heat 
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A  = Contact surface area of heat exchanger (ft2) 
Ao  = Periodic yearly monetary value ($) 
Acalc  = Calculated contact surface area of heat exchanger (ft2) 
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bhp  = Pump brake horsepower (hp) 
BD  = Blowdown flow rate (gpm) 
cp  = Specific heat of water (Btu/lbmoF) 







































d  = Rate of interest as a fraction (-) 
D  = Diameter of heat exchanger tube (in) 
E = Relative difference between power read from pump curve and HOBO data                   
logger’s recorded power (%) 
E’ = Relative difference between power calculated using Eqs. (9a) or (9b), and HOBO 
data logger’s recorded power (%) 
E’’ = Relative difference between power read from pump curve and power calculated 
using Eqs. (9a) or (9b) (%) 
EBFW  = Boiler feed water energy (Btu/hr) 
Efuel  = Fuel energy (Btu/hr) 
Esteam  = Generated steam energy (Btu/hr) 
Event/HEX = Energy reclaimed by vent condenser or heat exchanger (Btu/hr) 
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Event/HEX,month = Monthly energy reclaimed by vent condenser or heat exchanger (Btu/month) 
f  = Friction factor 
FW  = Feed water flow rate (gpm) 
g  = Sea level acceleration due to gravity (32.174 ft/s2) 
hcond,in  = Condensate water enthalpy entering the vent condenser (Btu/lbm) 
hcond,out = Condensate water enthalpy exiting the vent condenser (Btu/lbm) 
hf  = Friction head (ft) 
hminor  = Minor head losses (ft)  
hsat.steam = Saturated steam enthalpy generated by boiler (Btu/lbm) 
hsat.water (BFW) = Boiler feed water enthalpy (Btu/lbm) 
H  = Pump pressure head (ft) 
L  = External measured length of the heat exchanger (in) 
LHVfuel  = Natural gas lower heating value (Btu/ft3) 
m  = Flow rate of condensate water (lbm/min) 
mBFW  = Boiler feed water flow rate (lbm/hr) 
mmakeup = Flow rate of makeup water (lbm/min) 
mmakeup,hr = Flow rate of makeup water (lbm/hr) 
msteam  = Generated steam flow rate (lbm/hr) 
msteam,day = Total steam flow in a day (lbm/day) 
mvent/HEX = Mass flow rate of excess condensate water or makeup water flowing to vent 
condenser or basement heat exchanger (lbm/min) 
n  = Number of passes of heat exchanger (-) 
ni  = Expected replacement life of pump or vent condenser (years) 
N  = Number of tubes in heat exchanger (-) 
P  = Gauge pressure (psig) 
PV  = Present Value ($) 
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q  = Heat transfer between fluids in heat exchanger or vent condenser (Btu/hr) 
Q  = Volumetric flow rate (gpm) 
QT  = Average volumetric flow rate (gpm) 
 Qvent/HEX = Volumetric flow rate of condensate water flowing to the vent condenser or 
                           basement heat exchanger (gpm)      
SG  = Steam generated (lbm) 
t  = Time (years, months, days, hr, min, s) 
to, t1, t2, tj-1, tj = The 0th , 1st, 2nd, j-1th, jth time points for trapezoidal integration (s) 
T  = Temperature (0F) 
Tc1  = Temperature of cold makeup water from water softeners (0F) 
Tc2  = Temperature of heated makeup water going to condensate storage tanks (0F) 
Th1  = Temperature of hot water from flash tank (0F) 
Th2  = Temperature of water drained to the sewers (0F) 
Ti  = Response time interval of the variable speed pumps’ controller (s) 
U  = Overall heat transfer coefficient of heat exchanger (Btu/hr ft2 0F) 
V  = Volume of natural gas (ft3) 
Volfuel  = Volume flow rate of fuel converting BFW into steam in the boiler (ft3/hr) 
Volfuel,day = Total daily volume flow rate of fuel used to convert BFW into steam in the 
boiler (ft3/day) 
Volfuel,saved = Volume of fuel saved hourly by using vent condenser or heat exchanger (ft3/hr) 
Ẇ = Power consumption by pump as recorded by the HOBO data logger (kW) 
Ẇ’  = Work done to push condensate water to the DA tank (Btu/min) 
Ẇ1  = Power consumption by pump as read from pump performance curve (kW) 
Ẇ2  = Power consumption by pump, calculated from Eqs. (9a) or (9b) (kW) 
ẆDA, vent present = Work required to move water to DA tank and vent condenser (Btu/min) 
ẆDA, vent absent = Work required to move water to DA tank only (Btu/min) 
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Ẇnet  = Net work required to move water to vent condenser only (Btu/min) 
 
Greek 
γ  = Specific weight of water (lbf/ft3) 
γ’  = Specific gravity (-) 
∆P  = Differential pressure developed across a pump or pipeline (psig) 
Δt  = Time interval of recorded data (hr, min, s) 
ΔT’  = Temperature difference at the inlet of basement heat exchanger (0F) 
ΔT’’  = Temperature difference at the outlet of basement heat exchanger (0F) 
ΔTlm  = Log mean temperature difference (0F) 
∆Trise = Difference between exit and inlet water temperatures for the vent condenser or 
basement heat exchanger (0F) 
∆Trise,max = Maximum temperature difference between exit and inlet temperatures for the 
basement heat exchanger 
η  = Efficiency (-) 
ηboiler  = Boiler efficiency (-) 
ηHEX  = Heat exchanger efficiency (-) 
ηplant  = Plant efficiency (-) 
ν  = Specific volume of water (ft3/lbm) 
ρ  = Density of water (lbm/ft3) 
 
Subscripts                                                                                   
1, 2  = Different pump states/speeds                                                       
A, B  = Two different points along a length of pipe   
BHEX  = Basement Heat Exchanger                         
m  = Motor                                                                                                    
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p  = Pump                                                                                                      
v  = Variable frequency drive 
VC  = Vent Condenser             
 
Abbreviations 
BFW  = Boiler Feed Water 
BHEX  = Basement Heat Exchanger 
CWP  = City Water Pump 
DA  = Deaerator 
DOE  = Department of Energy 
HEX  = Heat Exchanger 
LHV  = Lower Heating Value 
MAWP  = Maximum Allowable Working Pressure  
PM  = Plant Master     
PV  = Process Variable  
SP  = Set Point 
TDS  = Total Dissolved Solids 
VC  = Vent Condenser 










Chapter 1: Overview and Details of KU Steam Power Plant 
 
1.i Overview of Thesis 
The project described in this thesis was developed for two purposes. The first purpose was to investigate 
the potential savings by the use of two specific heat exchangers in the steam power plant located on the 
University of Kansas’ Lawrence campus. The two heat exchangers were the vent condenser on the first 
floor and the heat exchanger next to the flash tank in the basement of the power plant. The second 
purpose was to compare the power consumption of two condensate pumps, also in the steam power 
plant located on the University of Kansas’ Lawrence campus. The two condensate pumps were the 
Worthington D-824 constant speed pump and a pair of Grundfos CRE 15-3 variable speed pumps, all 
located in the basement of the power plant. 
Connected with the first purpose, the two heat exchangers had different functions. The vent condenser’s 
main function was to heat up the excess condensate water, using the energy from the steam and non-
condensable gases that was vented from the Deaerator tank (or DA tank), and then to return this water 
back to the two condensate storage tanks in the basement. In the basement of the power plant, softened 
city water or “makeup water” was transported to the same condensate storage tanks in the basement. 
Before the makeup water went to the storage tanks, it passed through a heat exchanger, also located in 
the basement. There was a flash tank located next to this heat exchanger, which supplied hot water to 
the heat exchanger. The basement heat exchanger increased the makeup water temperature, because of 
heat exchange with the hot water from the flash tank. This heated makeup water then went to the storage 
tanks. The condensate water (or feed water) that went to the boilers was thus at a higher temperature 
than it would have been without the two heat exchangers. Both of these heat exchangers helped in saving 
energy, because less energy was required to heat the boilers’ feed water to form steam in the boilers. 
Therefore, less fuel was required, i.e., less natural gas was required, to burn for heating the boiler feed 
water.  
Connected with the second purpose, pump data, such as flow rate, discharge pressure and power 
consumption, were also logged and analyzed as a continuation of Alabdullah’s work [1]. From the analysis 
of this data, the benefits/drawbacks of constant vs. variable speed condensate pumps in the KU power 
plant were determined. The data in Alabdullah’s thesis [1] only covered the months of February, March 
and April of 2015. Data from June to November of 2015 was recorded for this thesis; and the data was 
analyzed in order to see the effects of operation during different months (i.e., different weather 
conditions) on the pump comparison. May of 2015 was excluded because the power plant was shut down 
for 10 days for repairs and maintenance [which occurs each summer]. The boiler control systems in the 
power plant were also detailed. See Appendix A for information on the boiler control systems. 
 
1.ii Steam and Water Circulation throughout the KU Campus  
Most power plants have four major components – boilers, turbines, condensers and pumps. The KU power 
plant initially had all of these components. However, the turbines are not being used any more. The major 
reason for this is the cost of electricity production. For several years, the power plant was used as the 
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major source of electricity for the KU campus. However, in later years, it was found that electricity from 
the local provider (Westar Energy) was less expensive than that of the KU plant. For this reason, electricity 
production was discontinued; and the plant focused on providing steam to the campus, specifically for 
heating water and for HVAC systems. According to one of the power plant staff members, “the plant has 
not produced electricity since before I started working 30 years ago” [2]. 
Based on the location of the plant, the campus is divided into two distinct sections, namely the North 
campus and the South campus. The North campus consists of the buildings on the campus that are located 
north of the plant, while the South campus consists of the buildings south of the plant.  
Steam that is produced in the steam drums of the boiler units has a pressure of around 175 psig. This 
pressure is then brought down to 90 psig (superheated condition) via regulator valves. The plant has two 
stations - the east station and the west station. Each of these stations has two regulator valves. Presently, 
the valves of the east station are being used to reduce the steam pressure (see Fig. 1), while the valves of 
the west station are not being used. 
 
Fig. 1. East station isolation valves in the KU power plant reducing steam pressure from 175 psig to 90 
psig 
These two valves (for either the East station or the West station) are used alternately on a yearly basis, so 
as to maintain the lives of the valves. The reason there are two valves present in each station, instead of 
one valve, is to use the extra valve in case of failure of the other valve. Also, in case the steam demand 
exceeds normal capacity, both of these valves can be opened. The plant currently supplies 90 psig 
constant pressure steam to all buildings on campus. There are a total of three steam lines from the KU 
power plant to the buildings. There are two 14 inch pipes that send steam to the North campus and one 
16 inch pipe that does the same for the South campus. The reason that there are two pipes for the North 
campus is because it has more buildings as compared to the South campus. Some of the steam at 175 
psig, from the main steam lines, is directed to the Deaerator (DA) tank [3] . The DA tank (see Fig. 2) has a 
maximum allowable working pressure (MAWP) of approximately 50 psig. Thus, the 175 psig steam’s 




The steam flow rate that is provided to the campus varies due to demand fluctuations. Production 
depends on many factors. For example, the demand in the Anschutz library and the Watson library is very 
inconsistent because of the libraries’ humidity control units (i.e., summers are generally moist whereas 
winters are generally dry) [4]. Also, buildings like Mallott Hall have different requirements for steam, since 
people there use a lot of steam for cage washers and sterilization purposes [4]. Since the steam used in 
humidity control and sterilization is not recirculated back to the plant (i.e., this steam is essentially lost), 
the steam production can become irregular and makeup water is needed. 
Also, the production of steam is much lower in the summer as compared to that produced in the winter. 
This is because the demand for hot water is much greater in the winter due to the cold temperatures. The 
greater the number of people, the more steam is required and vice versa. An interesting phenomenon is 
that the demand for steam increases considerably whenever there are KU basketball games in Allen 
Fieldhouse [4]. Since most of the games occur in Allen Fieldhouse from November to March (winter 
months), the opening and closing of the doors of Allen Fieldhouse by fans causes the steam demand to 
spike. Another factor affecting steam production is the number of people on campus. There is more steam 
demand when classes are in session as compared to the steam demand during summer and winter breaks. 
In addition, the KU Recreational Center uses a significant amount of hot water for showers in the locker 
rooms, which requires steam to produce [4]. 
 
Fig. 2. DA tank in the basement of the KU power plant 
After usage at campus buildings, the steam condenses to water. By the time the water gets back to the 
power plant, its temperature is approximately 1400 F. This water returns to the power plant through the 
North and South condensate return lines and then goes to the condensate storage tanks that are located 
in the basement of the plant. The mass of steam that is supplied to campus buildings is not the same as 
the mass of condensate water that returns to the power plant. There is approximately 30-40% steam loss 
(by volume), especially in Mallott hall, because of the cage washers and sterilization units. Also, there is 
continuous and periodic blowdown from the boilers (see Section 1.vi). Therefore, even though water is 
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recycled to the plant, there is a need for extra water. This extra water is known as “makeup water”, and 
the plant receives this water from the City of Lawrence. This makeup water comes to the plant at a 
pressure of approximately 25 psig (see Fig. 3). The plant has booster pumps, named “City Water Pumps” 
or CWPs, which increase the pressure of this makeup water to approximately 120-125 psig (see Fig. 4). 
 
Fig. 3. Suction pressure of approximately 25 psig for CWP 
 
 
Fig. 4. Discharge pressure of approximately 122 psig for city water supply from CWP 
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The 120-125 psig water (boosted by the CWPs) is then circulated throughout the KU campus’ centralized 
water system. The reason for increasing the pressure of the makeup water to 120-125 psig is because of 
the topography of the KU campus. Since there is an increased elevation of the campus from south to 
north, the 25 psig water does not have sufficient pressure to overcome this elevation (approximately 58 
feet) and also overcome friction and fitting losses in the pipe. The plant then receives the 120-125 psig 
makeup water from the KU campus’ centralized water system, which, after some heat addition and a 
pressure drop, then goes to the condensate storage tanks in the basement.  
Contrary to what was originally thought by the author, the steam that the plant provides to the buildings 
is not condensed to supply hot water to the buildings. Instead, every building has heat exchangers which 
use this steam to heat up the colder building water.  
 
1.iii Pumps  
There are different types of pumps in the plant such as condensate pumps, boiler feed pumps and booster 
pumps. Each of these types of pumps has a different function. In the KU power plant, the condensate 
pumps move water at a set discharge pressure to the Deaerater tank (or “DA tank”) and the vent 
condensing heat exchanger (or vent condenser). The function of the booster pumps is to boost the 
pressure of the water exiting the DA tank, to approximately 30 psig before it goes to the boiler feed 
pumps. The boiler feed pumps then increase the pressure even more so as to deliver the condensate 
water to the boilers located on the first floor. These pressures are usually on the order of 350 psig. 
Currently, there are four condensate pumps designated as pumps #1, #2, #3 and #4, all of which are 
located in the basement [5]. 
Pump #1 is a Worthington D-824 constant speed pump (see Fig. 5). Pump #2 is a pair of Grundfos CRE 15-
3 pumps (see Fig. 6), running in parallel, both of which are variable speed. A schematic of the power plant 
is shown in Fig. 7a where pump #1 has been colored red while pump #2 has been colored blue. Pumps #3 
and #4 are constant speed pumps. Pumps #3 and #4 have not been analyzed in this thesis, since there is 
no data acquisition system set up for them. If a single pump runs continuously for extended periods of 
time (more than one week), then overheating can occur which can compromise the viability of the pump 
and reliability of the power plant. Excessive vibration also can damage the mechanical seals of the pump. 
Due to these safety concerns, the power plant staff usually allow one pump to run each week, so as to 
keep all of the pumps in proper working condition. The job of these condensate pumps is to supply water 
to the DA tank in the basement and also to the vent condenser [6] (i.e., a heat recovery system) on the 
first floor, at an elevation of approximately 40 feet (i.e., 17.34 psig) above the basement floor level. See 
Figs. 7b and 7c. for the KU power plant’s working model and a T-S diagram for the plant. The T-S diagram 
is explained in detail in Chapter 3. 
The condensate pumps receive water from the storage tanks (see Fig. 8) (which are located close to the 
condensate pumps in the basement) and then discharge the water to the DA tank and the vent condenser. 
The discharge pressure is usually close to 43 psig. The variable speed pumps (termed pump #2) [1] can be 
operated in two modes – pressure control and level control. The power plant staff want to reclaim energy 
by using the vent condenser, so they always use the pressure control mode, as it allows the condensate 
water to go to both the DA tank and the vent condenser. However, operating in level control mode allows 
the condensate water to go to the DA tank but not to the vent condenser. This is because, during level 
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control mode, pump #2 has insufficient pressure to push the condensate water to the vent condenser on 
the first floor. Since the vent condenser is not used, there is no energy reclaimed when pump #2 runs in 
level control mode. The condensate water is delivered to the DA tank by means of a 4 inch diameter pipe, 
while it is transported to the vent condenser via a 2 inch diameter pipe [5]. The steam (along with non-
condensable gases) that is released from the DA tank goes to the vent condenser. This steam is then used 
to heat the condensate water that the vent condenser receives during normal plant operation.  
 
 








Fig. 7a. KU power plant schematic (Red Pump= Worthington D-824; Blue Pump= Grundfos CRE 15-3; Green 
line= Deaerator water supply; Light blue line= Non-condensables & steam line to vent condenser; Orange 
line= Condensate water supplied to vent condenser and back to condensate storage tanks; Purple line= 
Bypass to return water to pumps’ suction side; Dark Blue Line= Recirculation line from boiler feed pumps 
to DA tank (reproduced from Ref. 1) 
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Fig. 7b. KU power plant working model 
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As previously stated, level control mode for the Grundfos pumps doesn’t provide sufficient head (i.e., at 
least an extra 17.34 psig) for the water to go all of the way up to the vent condenser on the first floor. 
Discharge pressures of the Grundfos pumps vary from 5-25 psig, during level control mode. During the 
level control mode, since there is no condensate water flowing to the vent condenser, the steam (along 
with non-condensable gases) that comes out of the DA tank cannot be used to heat the non-existent 
excess condensate water. This steam and hot gases are then just vented to the atmosphere, thus being 
wasted instead of being used for energy recovery. During level control, the gate valve to the vent 
condenser was closed to prevent water flowing up to the vent condenser. This was not required, but, 
according to one of the members of the power plant staff, “we do not see any reason of keeping the valve 
open since condensate will not flow up anyway” [4]. 
 
 
Fig. 8. Schematic of condensate water flow from condensate pumps to DA tank and vent condenser 
 
The higher the temperature of the condensate water going into the boiler, the lower the amount of fuel 
required to heat up the water. This results in greater plant efficiency. Thus, there is a decrease in plant 
efficiency when the Grundfos pumps are operated in level control mode because the condensate water 
is not pre-heated. However, less pump power is required by the plant. Since there is no excess condensate 
water in the vent condenser during level control mode operation, the shell and tube material of the vent 
condenser gets overheated by the vented steam and non-condensable gases. This can result in damage 










There is a pump recirculation line, or bypass line (see Fig. 7a, purple line) which is just downstream of the 
discharge point of the condensate pumps. Originally, according to Schmidt [9], this was thought to be the 
line that carried the excess condensate water back to the storage tanks. However, that was a 
misunderstanding because essentially all of the excess condensate water comes directly from the vent 
condenser on the first floor. The valve for this pump recirculation line is usually closed during normal plant 
operation. This valve is opened only when the gate valve to the vent condenser is closed so as to relieve 
the excess pressure in the discharge line of the condensate pump. This occurred when previous graduate 
student Alabdullah operated the Worthington pump without the vent condenser [1]. 
There is a control valve (refer to Fig. 8) that controls the amount of water flowing into the DA tank. 
However, there could be a situation where there is excess flow of water into the DA tank. This results in a 
higher water pressure on the inlet side of the control valve. Under these circumstances, the pressure has 
to be reduced; otherwise there is potential for water hammering in the pipelines which can seriously 
damage the pipes. Thus, the valve in the pump recirculation line is opened in this case.  
Also, in the case of low steam demand, minimum flow of condensate water occurs. When a pump is run 
at low flow rate, the majority of the power input is converted to thermal energy. This causes the 
temperature of the water (in the pump casing) to rapidly increase, and some of this water can flash to 
steam. This steam can cause damage to the impellers, mechanical seals and other parts of the pump. In 
this case, for safety reasons, the pump recirculation line’s valve is opened by the power plant staff to allow 
the water to be recycled to the storage tanks. There is also a recirculation line on the discharge side of the 
boiler feed pumps (see Fig. 7a (Dark Blue Line) and Fig. 9). This line goes to the DA tank and is only used 
for emergency purposes.  
 
Fig. 9. One of the recirculation lines for the boiler feed water to flow to the DA tank in the basement 
 
1.iv Deaerator Tank  
There are two DA tanks (generally called open feed water heaters) in the power plant, one in the basement 
and the other on the first floor (refer to Fig. 7a). The one in the basement is a tray deaerator (see Fig. 10). 
The one on the first floor, which is a spray deaerator, is not in operation currently and has not been used 
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for the past three years. The reason the DA tank in the basement is currently in operation is because it 
has a higher capacity than the one on the first floor. The main purpose of a DA tank is to remove the 
entrained non-condensable gases (mainly oxygen and nitrogen) from the condensate water before this 
water is transported to the boilers. The remaining air and other non-condensable gases in the pipes have 
to be in very small concentrations (approximately 0.005 cm3 of air per liter of water) so as to prevent 
corrosion of the pipes. To prevent air from leaking into the DA tank, it is usually pressurized at 5-10 psig. 
The DA tank has a MAWP of 50 psig. The condensate water, supplied from the condensate pumps, arrives 
at the DA tank with a pressure of approximately 35-40 psig. The control valve decreases the pressure of 
this water to 5-10 psig before it is delivered to the DA tank. The control valve maintains the level of water 
in the DA tank. Without the control valve, there could be excess flow of condensate water to the DA tank 
when there is low steam demand. The control valve helps prevent this situation by limiting the flow of 
condensate water into the DA tank. The desired level in the DA tank is 52% of the tank capacity by liquid 
volume. 
In the DA tank, the water is heated by mixing with the small amount of steam that is bled from the total 
steam exiting the boiler. In a turbine-electricity-producing power plant, steam is bled from the turbines 
to the DA tank; but in the KU power plant, there are no turbines from which to bleed steam. The steam is 
essentially a heat source, having a temperature of approximately 370 0F. The DA tank, being tray type, has 
droplets of water falling through the trays to the water storage section [8] (see Fig. 10). These water 
droplets are heated and release a portion of the dissolved air. However, oxygen and nitrogen are not 
completely removed from the water by this process. So, the power plant staff also use chemicals, called 
oxygen scavengers (usually sodium sulphite) (see Fig. 11), to remove the remaining air.  
 








Fig. 11. Tanks that store sodium sulphite solution before being pumped into the DA tank 
There are two booster pumps located right below the DA tank (see Fig. 12). The power plant staff call the 
pump at the left “Booster Pump 1” and the one on the right “Booster Pump 2”. The function of these 
pumps is to increase the pressure of the water that comes out of the DA tank (5-10 psig) to a pressure of 
25-35 psig, before this water goes to the boiler feed pumps. Presently, only Booster Pump 2 is in 
operation. It is important to note that the water in the DA tank is very near its saturation point. Pumping 
this water can be dangerous for the piping, due to the potential for cavitation. To prevent cavitation, the 
elevation of the booster pumps is purposefully kept below the DA tank so that the pressure at the inlet of 
the booster pumps is more than the pumps’ Net Positive Suction Head (NPSH) [9] (approximately 2-4 psig). 
In Fig. 12, it can be seen that Booster Pump 1 has an inlet pressure of 5-7 psig, even though this pump is 
not in operation. This pressure is due to the weight of the water in the DA tank.  
Another role of the DA tank is the storage of water before it is discharged to the boiler feed pumps. 
Because an increase in feed water temperature leads directly to an increase in boiler efficiency [10], the 
DA tank is an essential component of the plant. It has been found that oxygen concentration decreases 
proportionally with temperature rise [11] (see Fig. 13). If the DA tank (which is at pressures of 5-10 psig) 
(see Figs. 7b and 7c) is operated at high temperatures, there is the possibility of water flashing to steam 
at temperatures of 100 0C and above. This steam-water combination can cause corrosion of the pipelines. 
Thus, the DA tank is operated at temperatures of 85-90 0C to prevent the formation of steam. 
Once the oxygen and other non-condensable gases have been removed from the water, they are vented 
from the DA tank. The DA tank receives steam from two sources. One source of steam is the main steam 
line having a pressure of approximately 170-175 psig. This steam pressure is brought down to 5-10 psig 
via a regulator valve (see Figs. 7b and 7c). The other source of steam is a “flash tank” (see Fig. 14) located 
near the DA tank, that supplies some steam at 5-10 psig. The steam from the flash tank mixes with the 
steam from the main steam line, before steam is allowed to flow into the DA tank. (Details on the flash 





Fig. 12. Booster pump pressure gauges located underneath the DA tank 
 
 






Fig. 14. Flash tank located in the basement of the power plant 
1.v Vent Condenser  
For many power plants, the non-condensable gases are vented to the atmosphere because these are not 
useful. However, there is a reasonable amount of thermal energy that these gases contain. To reclaim 
some of this energy, in the KU power plant, a vent condensing heat exchanger (or vent condenser) has 
been installed on the first floor, with the condenser’s elevation being approximately 40 feet above the 
basement floor. The steam, with the associated non-condensable gases from the DA tank, is then directed 
to the vent condenser (refer to Fig. 7a and Fig. 8). The vent condenser is basically a shell-and-tube heat 
exchanger in which the steam condenses on the outsides of the tubes and the excess condensate water 
flows in the tubes [6] (see Fig. 15). 
The temperature of the excess condensate water, flowing in the tubes, increases (by approximately 8 0F -
10 0F) because of heat exchange between the condensate water and the steam on the outsides of the 
tubes. This heated up condensate water then flows through 2 inch diameter pipes to the basement 
storage tanks, mainly under the influence of gravity (refer to Fig. 7a and Fig. 8). Some of the steam also 
condenses to liquid, but its “volume is negligible” as stated by the power plant staff [4]. There is no flow 
meter located near the vent condenser to measure this “negligible” water flow. This water also flows to 
the condensate storage tanks. The main benefit of having the vent condenser is that the condensate water 
is recycled while undergoing an increase in temperature. Boiler efficiency increases because the 
temperature of the feed water increases [10]. 
There are two condensate water storage tanks (see Fig. 7a and Fig. 16) located in the basement, near the 
inlets of the condensate pumps. Each of these storage tanks can hold close to 10000 gallons of water. 
40 
 
They typically store a little more than half of that capacity, approximately 6000 gallons of water each. This 
water is supplied to the condensate pumps. Then the pumps subsequently move the water to the DA tank 
and the vent condenser.  
There are three sources of water for the storage tanks. The tanks receive water from the heat exchanger 
in the basement. Also, they receive the water returning from the campus pipelines of both the North and 
South campuses. In addition to the above two sources, the tanks receive water from the vent condenser 
on the first floor (explained in Section 1.vi). There is a valve located just before the inlet to each storage 
tank. These valves are usually completely open so that the tanks receive a continuous supply of water. 
These tanks then supply water to the condensate pumps. 
 
 
Fig. 15. Vent condenser on the first floor of the power plant 
 













Fig. 16. One of the condensate water storage tanks in the basement of the power plant 
 
1.vi Boiler Blowdown and the Heat Exchanger in the Basement 
There are two types of boiler blowdown processes [12] that occur in the KU steam power plant: 
continuous blowdown and periodic blowdown. The level of TDS (total dissolved solids) has to be 
maintained at acceptable levels in the boiler feed water. For this reason, there is a continuous disposal of 
water, known as a continuous blowdown process. There is a water drum mounted low on the boiler called 
the “mud drum”. The function of the mud drum is to trap muddy water or “sludge” during circulation of 
the boiler feed water. The water in the mud drum is periodically disposed of every four hours or once 
every shift by the staff. This is known as a periodic blowdown process. This helps to remove the sludge 
from the boiler header, thus making the header clean. If this sludge is not removed, the sludge moves 
with the steam and thus pitting can occur, causing holes in the header. 
Presently, the boilers are situated on the first floor of the power plant. Continuous blowdown [12] fluid 
goes to a steam flash tank that is located in the basement, near the DA tank.  In the steam flash tank, the 
pressure is around 5-10 psig (the same pressure as the DA tank) with very high temperatures around 375 
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0F. The boiling temperature of water at 5-10 psig ranges from 2270 F to 2400 F. Thus, upon reaching the 
flash tank, most of the water immediately flashes into superheated vapor, which gives rise to the name 
“Flash Tank” (see Fig. 14). 
As explained earlier, the DA tank receives steam from the main steam line; this steam’s pressure being 
reduced from 175 psig to 5-10 psig via regulator valves and becoming superheated. The steam produced 
by the flash tank mixes with the steam fed from the main steam line (once it has been regulated to a lower 
steam pressure, i.e., 5-10 psig). This steam mixture then enters the DA tank. The liquid water that remains 
in the flash tank is then directed to a heat exchanger (HEX) located close to the DA tank through 2 inch 
diameter pipes. This heat exchanger was initially thought by the author to be used solely for heating the 
cold makeup water from the water softening units to a higher temperature, before this makeup water 
went to the storage tanks, thus increasing boiler efficiency. However, it was later understood that its main 
purpose was to decrease the blowdown water temperature below 140 0F before dumping the water 
through a drain to city sewer lines, so as to stay within the city requirements of waste water temperature. 
The basement HEX is a shell-and-tube type [13] and has two inlets and two outlets. One pair (inlet and 
outlet) is for the relatively colder makeup water, and the other pair is for the hot blowdown water from 
the flash tank. There is heat transfer occurring between these two fluids which has two effects: the 
makeup water is heated up before it goes to the storage tanks, and the blowdown water is cooled off 




Fig. 17. Schematic of pathway of the makeup water from the water softening units to the storage tanks 









1.vii Steam Drum  
From the boiler feed water pumps, the feed water goes straight to the steam drums in the boiler units 
(refer to Fig. 7a and Fig. 18). There are tubes that are connected to each steam drum [5], through which 
there is flow of water, known as downcomers and risers. The risers are located in the furnace, which 
supplies heat constantly to the water. Due to this heat transfer, there is an increase in temperature of the 
water in the risers. Some of the water boils (approximately 60% of the water) and form bubbles, and wet 
steam (i.e., a steam-water mixture) is then formed. The downcomers allow the gravity-driven denser 
saturated liquid to go down to the mud drum at the bottom of the downcomers. This mud drum then 
settles out the impurities and solid particles from the water, and the remaining cleaner water then goes 
up the risers. The downward motion of the water in the downcomers pushes the steam-water mixture 
upward through the risers, until the mixture reaches the steam drum [5] (see Fig. 18). The difference in 
density between the water in the downcomers and the steam-water mixture in the risers, causes the 
upward motion in the risers. Thus there is no requirement for an extra pump to move the water up 
through the risers. 
 
 







The steam drum of the boiler in operation has a fixed pressure of 175 psig. This 175 psig steam vapor is 
reduced to 90 psig via regulator valves, before the steam is sent out to the steam lines of the North and 
South parts of the campus. Usually, the steam drum is about half full of water. The sensor indicating the 
level of the water in the steam drum for Boiler #7 is shown in Fig. 19. 
 
 





1.viii Water Softening Units 
City water has a substantial amount of dissolved calcium and magnesium, and is thus classified as “hard” 
water. Calcium and magnesium can severely corrode pipelines which carry water and thus have to be 
removed from the water [14]. Therefore, there is a water softening unit in the basement of the plant. This 
unit has two cylindrical tanks (A and B) that contain resin beds (see Fig. 20). The incoming city water flows 
through these resin beds. The resin beds attract and hold calcium and magnesium molecules that are in 
the water [14]. Only one of these resin beds is used at a time. 
There is an electronic sensor (see Fig. 21) attached to the water softeners that continuously determines 
the amount (in multiples of 100 of gallons) of the resin bed that is free from calcium and magnesium. This 
sensor counts down from a maximum of 11,000 gallons to a minimum of zero gallons. Once the sensor 
value reaches zero, the resin bed tank stops operating. Control then shifts to the alternate resin bed tank, 
which then starts operating.  
When one of the resin bed tanks is completely contaminated with magnesium and calcium, it needs to be 
purified. The water softening unit also has a large tank (known as the brine tank) which contains sodium 
chloride. City water flows into this tank to form a solution of sodium chloride or brine (see Fig. 22). The 
brine water is pumped into the resin beds. The brine is used to purify the resin beds and remove all of the 
magnesium and calcium molecules. The contaminated solution of brine (containing dissolved calcium and 
magnesium) is then drained into the city’s sewer system. 
 
 




Fig. 21. Electronic display for water softening unit 
 
       







1.ix Air Compressors  
The power plant also has a pair of air compressors in the basement that supply high pressure air to the 
machines that require compressed air for operation (see Fig. 23). Most of this air is used to operate the 
control valves in the plant. The air compressors produce air at a constant pressure of 113 psig, and provide 
cooling air to the flame scanners present in the boiler. The flame scanners monitor the fires produced in 
the boiler and detect the presence or absence of flame in specific regions of the boiler.  
 
 
Fig. 23. One of the two air compressors in the basement of the KU power plant 
 
1.x Fuel 
The power plant uses natural gas as its principal fuel. The source of this natural gas is the Black Hills Energy 
company of Kansas. The natural gas is supplied to the KU campus via pipelines at a pressure of 25 psig, 
with the main hub being near Naismith Hall. From this main hub, a pipeline goes to the KU power plant 
(see Fig. 24) at that same 25 psig pressure. Before the gas enters the power plant, the pressure is regulated 
by a control valve and is reduced to 17 psig. The natural gas is then piped to the boilers of the power plant. 
Each of the boilers in the plant has a different input natural gas pressure, regulated by individual control 
valves. Boiler #8 takes in the natural gas at 17 psig (see Fig. 25), and Boiler #7 reduces the pressure of the 
natural gas to 16 psig. The older Boilers (#1 and #2) reduce the natural gas pressure to 10 psig.  
During emergencies, when natural gas is not being used as the fuel, the power plant uses diesel as a 
substitute. Diesel has its own piping, pumping and valving systems, which are located in the basement of 
the power plant. The diesel fuel is stored in large tanks outside of the plant (see Fig. 26). When diesel fuel 
is used, all of the natural gas valves are closed in order to allow for flow of the diesel into the main plant. 















Fig. 26. One of the diesel tanks outside the KU power plant 
 
Now that the overall power plant features have been covered in detail, Chapter 2 covers the various 
instruments and data acquisition systems that have been installed in the power plant to collect the data 
that were used for this thesis. Chapter 3 covers the calculations of energy saved by the two heat 
exchangers in the power plant. Chapter 4 covers the data obtained for the Worthington and the Grundfos 
pumps and the differences in power consumption found when the Grundfos pumps were run in pressure 
control versus level control modes. Chapter 5 provides the conclusions obtained from this project and 
also the recommendations that can be made for future work. Appendix A explains the boiler control 
systems that are being used for boiler operation. Appendix B covers the measuring devices that have been 
used in this project. Appendix C covers the steps that have been taken for the calibration of the 
temperature sensors used in this project. Appendix D explains the Linear Scaling Assistant Window of the 
HOBOWARE software used for recording pump data. Appendices E and F cover the calculations that have 
been done for the boiler efficiency and the heat exchanger energy gain, respectively. Appendix G covers 
the pump curves for the Worthington and the Grundfos pumps along with specifications. Appendix H 
covers the plots of discharge pressure and discharge flow rate of the Worthington and Grundfos pumps 





Chapter 2: Instruments Installed and Data Logging Equipment 
 
This chapter covers the measuring devices and instruments that have been installed in the KU steam 
power plant. Most of the measuring devices were installed by Schmidt [7] with some installed by 
Alabdullah [1]. These devices have continued to be used for recording data. Additional devices have been 
incorporated by this author in order to obtain temperature data for the vent condenser and the basement 
heat exchanger. The devices used are summarized in Table B1. 
Also, data logging procedures and the subsequent analysis of the data, with respect to both heat 
exchangers and the Worthington and the Grundfos pumps, are covered briefly in this chapter. Both 
pressure control and level control modes of operation are described for the Grundfos pumps. 
2.i System Setup 
This section covers the temperature sensors, flow meters, pressure transducers, power monitoring 
supply, and the level control system that have been installed in the KU power plant. The locations of these 
installed devices are described in this section. To make sure that the data recorded by these devices were 
accurate, each of these instruments was calibrated. In certain cases where the devices were found to be 
faulty, the devices were replaced.  
2.i.a Temperature Sensors 
In order to measure the temperatures of the water at the inlets and outlets of both of the heat exchangers, 
i.e., the one in the basement and the vent condenser on the first floor, analog temperature gauges were 
initially used [8]. However, the temperatures from the gauges could not be trusted because the 
temperatures were not recorded digitally and accuracy was limited. So the only way to get these 
temperatures was to view the gauges carefully and to trust the judgement of the viewer. Also, even if the 
viewer’s judgement could be trusted, the temperature was recorded only for the particular period of time 
(i.e., 5-10 minutes) that the viewer looked at the gauge, and not for a longer time interval, such as a day 
or a week. The least count of the gauges was 10 F. The gauges were old and hadn’t been calibrated for a 
number of years. 
For these reasons, digital temperature sensors were installed that could accurately record the 
temperatures of the water flowing in the pipelines at the inlets and the outlets of the heat exchangers. 
Ideally, a temperature sensor should be installed inside the pipeline. However, that was not allowed by 
the power plant staff, as that would require cutting holes in the pipe for the sensors to be installed, which 
meant that the power plant could not operate during installation. The power plant is down for 
maintenance for only one to two weeks in May of each year, and this project started in June of 2015. Also, 
such an installation would be expensive.  
Hence, temperature sensors were installed on the outsides of the pipes. After much investigation, the 
HOBO TMC6-HE temperature sensor was selected (see Appendix B1). A thermal paste was applied to 
these sensors (see Fig. 27) for optimal contact with the pipe, and the entire probe and pipe were insulated 





Fig. 27. Thermal paste applied on the pipe surface to enhance conduction to the temperature sensor 
A plot of the temperature sensor’s error, given in Fig. 28, shows the accuracy from 0 0C to 100 0C (i.e., 32 
0F to 212 0F). The range of measurement at the power plant for the basement heat exchanger was 0 0F-
240 0F and for the vent condenser was 130 0F-180 0F. Based on this plot, it could be assumed from linear 
extrapolation that the sensors would have approximate errors of 1 0F to 2 0F for temperatures from 212 
0F to 240 0F. For the vent condenser’s temperature range, the error of 0.36 0F to 0.72 0F was not ideal, 
since the temperature rise of the condensate water as it flowed through the vent condenser was of the 
order of 10 0F. However, since these sensors were compatible to the HOBO data acquisition software that 
was already being used, they were used for this project. The sensors’ temperature changes have been 
analyzed in Section 2.ii.a. The X axis of Fig. 28 is the temperature recorded by the sensors, while the Y axis 
of Fig. 28 is the relative temperature error (always positive) for those temperatures. 
 
 
Fig. 28. Accuracy plot of sensor TMC6-HE over its temperature range (from Appendix B1) 
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2.i.b Flow Meters 
Flow meters for pumps are briefly described herein, while Ref. 1 explains these in detail. There are four 
condensate pumps that are used in the power plant, and each pump is used for one week at a time. 
However, only pump #1 (i.e., the Worthington constant speed pump) and pump #2 (i.e., the Grundfos 
variable speed pumps) are analyzed in this thesis because these two pumps have data acquisition devices, 
and the other two pumps don’t. To measure the flow rates of the water (0 - 528 gpm ± 0.25%) that these 
pumps discharge, flow meters were installed in the 4 inch discharge lines of the pumps. Schmidt [7] 
installed a Siemens electromagnetic flow meter (see Fig. 29) in each of the discharge lines of pumps #1 
and #2. These flow meters have their own transmitters (Sitrans Mag 5000). The flow meters also have 
display screens which show the instantaneous flow rates of the water through the pipelines. The Sitrans 
Mag 5000 (see Appendix B2) transmits output signals (in the form of 4-20 mA) to an ONSET HOBO U12-
006 Data Logger (see Appendix B3). 
 
 
Fig. 29. Siemens MagFlow meter in the discharge line of condensate pump #2  
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A Siemens flow meter was also installed by Schmidt [7], with its associated transmitter, in the 1 inch water 
recirculation line of the pumps. As explained in Section 1.iii, this recirculation line is only used when there 
is a need to relieve excess flow in the discharge lines, so that water can be recirculated back to the inlets 
of the pumps (see Fig. 7a). Flow rate measurements through this pipeline have not been used for this 
thesis, because the valve allowing flow of condensate water through the recirculation line has always 
been closed. 
There is also a flow meter installed in the 2 inch pipeline that goes to the vent condenser (see Fig. 30). 
This is a Cadillac Electromagnetic Meter (see Appendix B4); and it measures the flow rate of the water 
that goes into the vent condenser during normal power plant operation (see Fig. 7a). 
 
Fig. 30. Cadillac flow meter in the pipeline to the vent condenser on the 1st floor (just before the inlet of 
the vent condenser) 
It was discovered in the summer of 2014 [1] that there were discrepancies in the measurements of these 
flow meters. At that time, the Cadillac flow meter read 93 gpm while the Siemens flow meter for the 
Worthington constant speed pump read 30.5 gpm. This was clearly not possible, because the  Siemens 
flow meter (for the Worthington constant speed pump) measured the total condensate flow, while the 
Cadillac flow meter showed only the part of the condensate flow that went up to the vent condenser. In 
other words, the Siemens flow meter should have had readings higher than those of the Cadillac flow 
meter. For this reason, both of the Siemens flow meters (for the Worthington and the Grundfos pumps) 
were calibrated in November of 2014 [1].  After calibration, both of the Siemens flow meters (but not the 
Cadillac flow meter) were reinstalled and appeared to be showing accurate readings. 
 





2.i.c Flow of Makeup Water  
Flow meters are briefly described in this section, and Ref. 7 provides more details on these flow meters. 
The makeup water flows from the water softening system to the storage tanks, passing through the heat 
exchanger on the way (see Fig. 17). Makeup water flow rate could not be measured as there was no flow 
meter installed in the makeup water pipeline. Flow meter installation was proposed, but the power plant 
staff did not allow this installation because this would require closing down the power plant for a few 
hours. However, makeup water volume data is recorded by an existing meter (see Fig. 31) near the water 
softening units. This meter does not have a data acquisition system. The least count of the device is 10 
gallons with an error of ± 5 gallons. The power plant staff record the total volume of water used every 
hour of the day (see Fig. 32). 
 
 
Fig. 31. Existing meter for makeup water 
 
The volume for each hour was calculated by taking the difference between the readings of consecutive 
hours. Then, this hourly volume was divided by 60 to get the average volume used for each minute. 
However, this volume rate of usage is not constant, and hence further calculations were performed to 
determine the average flow rate in gpm. This is described in Section 3.iii. The results from these 
55 
 
approximate calculations of makeup water flow rate were used to estimate the energy savings of the heat 
exchanger in the basement of the power plant (see Appendix F). 
 
Fig. 32. Recorded hourly makeup water volume by power plant staff for December 29, 2015 
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2.i.d Pressure Transducers 
Pressure transducers are briefly described in this section, and Ref. 7 provides more details on these 
transducers. To measure the discharge pressures from pump #1 (i.e., the Worthington constant speed 
pump) and pump #2 (i.e., the Grundfos variable speed pumps), Schmidt [7] installed pressure transducers 
in each of these pump’s discharge lines. A Danfoss pressure transducer (see Appendix B5 for Danfoss MBS 
3000) with a range of 0-145 psig ± 5% of full scale pressure reading, was installed in the pump #2 discharge 
line. This transducer (see Fig. 33) was coupled straight to the control panel of pump #2, and had two 
functions. First, the transducer served as the primary sensor for pump #2, making sure that it was running 
at the user specified pressure (usually 43 psig), when the pump was running in pressure control mode (set 
at the Grundfos control panel). Second, the transducer was also used for data acquisition when pump #2 
was running in level control mode (set at the Grundfos control panel).  
 
 
Fig. 33. Danfoss MBS 3000 pressure transducer in the discharge line (marked purple in Fig. 7a) of 
condensate pump #2 (marked blue in Fig. 7a) 
Schmidt [7] also installed another pressure transducer on the suction side of pump #2.  It is similar to the 
one that is in the discharge line of pump #2 (i.e., a Danfoss MBS 3000 transducer). However, its range of 
pressure measurement is much lower than that of the transducer for the discharge side (i.e., the range is 
0-58 psig ± 5% of full scale pressure reading). This transducer was directly connected to the HOBO U12-
006 Data Logger. The function of this transducer was to measure the suction pressure for pump #2, 
convert it into a 4-20 mA signal and transmit it to the data logger. Since the source of the water for both 
pumps #1 and #2 is the same (i.e., the condensate storage tanks), it was assumed that the suction pressure 
for pump #1 was the same as that of pump #2. Hence, a pressure transducer was not installed on the 
suction side of pump #1.  
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On the discharge side of pump #1, an Omega PX43E0-200GI pressure transducer (maximum pressure of 
200 psig ± 5% of full scale pressure reading) was installed by Schmidt [7] (see Appendix B6). This transducer 
was also directly connected to the HOBO U12-006 Data Logger. The function of this transducer was to 
measure the discharge pressure of pump #1, convert it into a 4-20 mA signal and then transmit that signal 
to the data logger. However, this pressure transducer produced some negative pressure values during 
November and December of 2014. This was clearly not a possible situation because that would mean that 
there was a pressure less than atmospheric pressure in the discharge line of pump #1. Hence, the pressure 
transducer was replaced with an identical one in January of 2015 by Alabdullah [1]. It showed accurate 
pressure readings of 47-49 psig for pump #1. 
Just before the control valve near the DA tank, there is another Danfoss pressure transducer MBS 3000 
with a maximum pressure of 200 psig ± 5% of full scale pressure reading. This transducer measures the 
pressure in the pipeline just before the DA tank. The pressure drop from the condensate pumps to the 
inlet of the control valve can be computed using this transducer’s readings and the readings from the 
transducers at the pumps’ exits. There is also another pressure sensor, a Grundfos differential pressure 
sensor (0-2.5 bar ± 2% of full scale pressure reading) (see Appendix B7) that measures the pressure drop 
across the control valve. Both the Danfoss and the Grundfos pressure sensors are directly connected to a 
HOBO U12-006 Data Logger (see Appendix B2). The pressure transducers produce 4-20 mA output signals 
and transmit those signals to the data logger. 
 
2.i.e Power Monitoring and Supply 
To monitor pump #1’s power, the pump has a Veris Power Monitoring H8044-0100-2 current transducer 
for power measurement (see Appendix B8). The purpose of this transducer is to continuously measure 
the current and voltage values of each of the three phases. From these values, the power consumption of 
the pump can be calculated. The transducer measures power at a maximum limit of 83 kW with an error 
of ± 1% of full scale power reading. This transducer is coupled directly to the same HOBO data logger as 
that for the pumps’ pressure and flow. 
The Grundfos pumps’ control panel has a built-in power measuring device in the controller box. This 
device calculates the power consumption of the pump, by using the discharge flow rate and the discharge 
pressure that the pump produces, as input. Thus, an extra power monitoring device is not needed, 
assuming that the original Grundfos calibration stays accurate as the pumps age. 
Most of the sensors (the current transducers, pressure transducers, etc.) require a power supply in order 
to run. They need an external voltage of 12-24 V DC. For this reason, two Mastech HY3003D DC power 
supply devices which supply 12-24 V DC are used (see Appendix B9): one is located near the condensate 
pumps (see Fig. 34), while the other is situated near the DA tank next to its control valve. The 4-20 mA 
output signals (see Fig. 35) are wired to the HOBO data loggers. These HOBO data loggers can store up to 
65 megabytes of data and have four external channels, one channel for each 4-20 mA input. The Siemens 





Fig. 34. Mastech HY3003D DC power supply situated next to the condensate pumps (refer to Fig. 17 for 




Fig. 35. Connections of 4-20 mA transducer to a DC power supply, with corresponding 4-20 mA output 
 
 
2.i.f Level Control System 
For running the Grundfos variable speed pumps in level control mode, a level sensor was required to 
determine the level of the water in the DA tank, because the Grundfos pumps did not have their own 
device to measure the water level in the DA tank. A standing pipe of the same height as the DA tank was 
installed by the power plant staff (see Fig. 36). A glass tube was connected to the standing pipe which 
Any 4-20 mA 
transducer 
Any DC supply in the range of 
9-35 V will work for most 4-20 
mA transducers 




Battery/ DC power 





visually showed the elevation of the water inside the tank. For safety purposes, in case there was overflow 
of water or there was inadequate water in the DA tank, low and high water alarms were installed by the 
power plant staff (see Fig. 36). 
 
 
Fig. 36. Level control system attached to the DA tank in the basement 
 
A SureSite visual indicator and level transmitter (see Appendix B10) was installed by Schmidt [7] next to 
the existing tube indicator as shown in Fig. 36.  A DC Mastech Power supply (see Appendix B9) provides 
power for the SureSite sensor. The sensor is a magnet inside an aluminum casing that moves up and down 
according to the water level in the pipe. The water level in the pipe is the same as the water level in the 
DA tank. Pivoting “flags” are also present, that have two different colors: red and gray. The vertical 
movement of the magnet displays the height of water inside the casing, based on the color of the flag at 
that time: if the level of the water increases in the DA tank, the flags turn red; if the level of the water 
decreases in the DA tank, the flags go back to their original gray color. 
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The sensor is coupled to a calibrated transmitter which transmits a 4-20 mA output to the Grundfos 
pumps. The 4-20 mA output of the level transmitter is transformed into a 0-100% signal by the Grundfos 
pumps’ control panel. For level control mode, 52% (or a level of water just higher than half of maximum 
height of the DA tank) was determined to be the ideal set point [7]. 
 
2.ii Data Acquisition Systems and Logging Procedure 
This section covers the data acquisition systems and the data recording processes of those data acquisition 
systems. Temperature was recorded by two HOBO UX 120-006M data loggers (see Appendix B11), and 
this data was recorded on a per-minute basis. The discharge pressure, flow rate and power consumption 
of the Worthington pump was also recorded on a per-minute basis by a HOBO U12-006 data logger. For 
the Grundfos pumps, the only data that was recorded by the HOBO U12-006 data logger was the discharge 
flow rate. The power consumption and the discharge pressure data of the Grundfos pumps were recorded 
continuously by the Grundfos control panel. 
 
2.ii.a Temperature  
As explained in Section 2.i.a, the HOBO TMC6-HE temperature sensors (see Appendix B1) were installed 
on the outsides of the pipelines which served as the inlets and outlets of both of the heat exchangers (i.e., 
the vent condenser and the basement heat exchanger) in the power plant. For the temperature sensors, 
the recently obtained HOBO UX120-006M data loggers were used to log temperature data (see Appendix 
B11). After the temperature sensors were purchased, they were calibrated to ensure that they were 
accurate. The calibration procedure is explained in detail in Appendix C. After calibration, the percentage 
difference among all of the sensors was found to be a maximum of ±0.02%. Thus, the temperature 




There were two HOBO U12-006 Data loggers (see Fig. 37 and Appendix B11) used in the plant. One was 
located near the condensate pumps, and the other was located near the control valve next to the 
basement DA tank. To read all of the recorded data, the HOBO software was installed on a Gateway laptop 
(see Appendix B12). The data logger was connected to the laptop via a USB cable, and all of the data could 
be downloaded to the laptop via the cable every week. All of the sensors had different settings, which 
could be changed by the user via the HOBO software. Since, the HOBO data logger received data in the 
form of a 4-20 mA signal, the signal had to be converted to appropriate units based on the data collected 
(e.g., psig for pressure and gpm for flow rate). The HOBO data logger provided a way to convert and scale 
the data accordingly (see Appendix D). After this scaling of values was set, a linear relationship was created 
by the HOBO software between the raw data input and its corresponding scaled output. Plots of the 
recorded data then could be seen according to this scaling in the main HOBO data window.  
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Data was gathered from June of 2015 to November of 2015. The data was recorded for all weather 
conditions - during the lowest demand (summer, i.e., June – August of 2015); moderate demand (fall, i.e., 
September-October of 2015) and highest demand (winter, i.e., November of 2015).  
 
 
Fig. 37. HOBO U12-006 data logger next to the condensate pumps (see Fig. 17 for approximate location) 
 
2.ii.b.i Worthington Constant Speed Pump 
The following types of data (versus time) were collected for the Worthington constant speed pump (pump 
#1): 
  Pump power consumption (kW) 
  Pump flow rate (gpm) 
  Pump discharge pressure (psig) 
  Pressure before the control valve (psig) 
  Pressure drop across the control valve (psig) 
  Vent condenser water flow rate (gpm) 
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For this case, the HOBO data logger was used to record all of the previously listed data at one minute time 
intervals. Data was downloaded on a weekly basis to the Gateway laptop, as the power plant staff used 
the Worthington pump for one week every month from June to November of 2015. 
2.ii.b.ii Grundfos Variable Speed Pumps 
In this case, the following sets of data (versus time) were collected via the HOBO data logger: 
  Pump flow rate (gpm) 
  Pressure before the control valve (psig) 
  Pressure drop across the control valve (psig) 
  Vent condenser flow rate (gpm) 
The PC-Tools E-Products software, supplied by the Grundfos Company, provided the following data 
(versus time): 
 Pump flow rate (gpm) 
 Pump discharge pressure (psig) 
 Pump power consumption (kW) 
The PC-Tools E-Products software was installed on the Gateway Netbook laptop (see Appendix B12). To 
record the three sets of data, the laptop was left running continuously in the KU power plant; and the 
software was restarted by the user every day so that the logged data would not be lost. Data was 
downloaded to the laptop every day of the week, as the power plant staff used the Grundfos pumps for 
one week of each month from June to November of 2015. 
The Grundfos variable speed pumps were run in two different modes: Pressure Control and Level Control. 
Both of these cases have been investigated in this thesis; and the results are discussed in the next two 
sections. 
2.ii.b.ii.a Pressure Control Mode 
In this case, the Grundfos pumps were run at a constant discharge pressure throughout the entire week. 
The power plant staff set the discharge pressure at 43 psig. The control panel of the Grundfos pumps was 
used to set the discharge pressure. The condensate water that was discharged from the pumps went to 
the DA tank in the basement and to the vent condenser located on the first floor. The behavior of the 
Grundfos pumps, when run in pressure control mode, was almost identical to that of the Worthington 
pump. The data and results from the pressure control mode are covered in detail in Chapter 4.  
2.ii.b.ii.b Level Control Mode 
In this case, the Grundfos pumps supplied water to the DA tank only. The minimum pressure head 
required to push the excess condensate water to the vent condenser on the first floor was approximately 
17.34 psig more than that required to reach the DA tank. The DA tank required water at a maximum 
pressure of approximately 10 psig. Because of the pumps’ low discharge head (which varied between 10-
25 psig), the pumps could not provide the extra 17.34 psig to push the excess water to the vent condenser. 
So, in this case, there was no flow of water to the vent condenser. Thus, in that situation, the Grundfos 
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pumps’ only focus was to maintain the water in the DA tank at a desired level of 52% of the full DA tank 
capacity. The control valve before the DA tank was opened completely, allowing condensate water to 
freely flow into the DA tank. So, whenever the water level in the DA tank reached the desired set point, 
the Grundfos pumps reduced speed so as to save energy and also to make sure that water level did not 
rise much above 52% of the DA’s full tank level. 
 
For level control mode operation of the Grundfos pumps, the pumps’ minimum performance point had 
to be set. The minimum performance point here is defined as: “the lowest speed at which only one of the 
Grundfos pumps can run (instead of both Grundfos pumps running all of the time) in order to conserve 
energy”. Setting a minimum performance point for the Grundfos pumps required a lot of trial and error 
testing. 42% of full pump speed was determined as the ideal minimum performance point for the 
Grundfos pumps. This meant that, once the water in the DA tank reached its desired set point (i.e., 52% 
of tank capacity), the Grundfos pumps reduced their speed to 42% of full speed. Also, this meant that only 
one pump would run instead of both pumps at that speed. Then, if the DA tank required more water (i.e., 
when steam demand was higher), the Grundfos pumps started increasing speed. The pumps were 
programmed in such a way, that once 70% of full speed was reached, the second pump started running, 
and both pumps ran simultaneously at that point. 
 
The Grundfos pumps allow the user to select the time interval setting (Ti) for the pumps’ sensitivity of 
response to the DA tank’s water level. Ti is the response time of the Grundfos pumps to the corresponding 
level of water in the DA tank. The range of Ti is from 0 to 10 seconds. The default Ti is 0.5 second. However, 
it was found that this response time was too fast, and thus a lot of power was wasted because there were 
sudden changes in discharge pressure and flow rate. By changing Ti to 2 seconds, there were still 
fluctuations in the data, but the amplitude and frequency were much smaller. This is explained in detail 
in Section 4.ii.b. 
 
Running in Level Control mode for the Grundfos pumps was a challenge. Familiarity with the pumping 
system and the pressure drop in the lines was essential in order to carry out these tests. After changing 
the minimum pump performance (to 42% of full speed) and the time interval Ti (to 2 seconds), the pumps 
were able to provide condensate water to the DA tank without jeopardizing the DA tank and pipeline 
structure (i.e., without water “hammering”). Water hammering had occurred previously when the 




2.iii Averaging Pressure, Power and Flow Rate Data for the Grundfos Pumps 
 
Since only the HOBO data logger was used for the Worthington pump, all of the recorded data values (i.e., 
discharge pressure, flow rate and power consumption) were averaged arithmetically because data was 
taken at equal time intervals (∆t) (i.e., one minute each). So, for this case, either arithmetic or time-
weighted averaging gave the same result. When analyzing the Grundfos pumps, arithmetic averaging was 
used only for the data recorded from the Siemens flow meter because the flow rate was recorded by the 




The PC-Tools E-Product software recorded data (discharge pressure, power consumption and also flow 
rate) at variable time intervals (∆t). Whenever there was a change in the data values, data was recorded. 
Thus, the time intervals (∆t) were continuously changing, i.e., the time intervals could be one second, five 
seconds, one minute or even one hour. Because of the non-uniform nature of the time intervals, 
arithmetic averaging was not an accurate method for analyzing the data. Thus, the time-weighted average 
[15] shown in Eq. (1) was used to calculate the average value for each recorded data segment from the 
PC-Tools software.  
 
𝑄𝑇 =  
1








 {(𝑡1 −  𝑡𝑜) [𝑄(𝑡𝑜) + 𝑄(𝑡1)] +  (𝑡2 − 𝑡1)[𝑄(𝑡2) + 𝑄(𝑡1)]  + ⋯
+ (𝑡𝑗 − 𝑡𝑗−1)[𝑄(𝑡𝑗−1) − 𝑄(𝑡𝑗)]} 
           (1) 
An example for flow rate data is shown in Fig. 38. The area under the curve was computed, then divided 
by the total time period (tj-to) of the recorded data in order to calculate the average value (in this case, 

















Fig. 38. Example plot of flow rate data with varying time intervals 
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Chapter 3: Heat Exchanger Calculations 
This chapter deals with the energy saved by using both of the heat exchangers in the KU power plant: the 
vent condenser on the first floor (for heating the excess condensate water) and the heat exchanger in the 
basement (for heating the softened makeup water). Approximate calculations were used to estimate the 
amount of energy that was reclaimed by the vent condenser and by the basement heat exchanger. 
Calculations were then done to estimate the amount of fuel (i.e., natural gas) that was saved by heating 
the condensate water before it was sent to the boilers. 
The KU power plant’s working model and the T-S diagram for the plant are shown in Figs. 7b and 7c. During 
process 1-1’, the boiler feed water enters the economizer at a pressure of 175 psig in a compressed liquid 
state. During process 1’-2, the feed water enters the boiler in a saturated state and is converted into 
saturated steam at a constant pressure of 175 psig. The temperature during process 1’-2 is constant at 
approximately 377 0F. The steam produced by the boiler is throttled to a pressure of 90 psig, as shown by 
process 2-3. The enthalpy of steam remains the same (due to throttling) and the steam is in a superheated 
condition during process 2-3. This 90 psig steam is then circulated throughout the campus buildings. In 
process 2-4, some of the 175 psig superheated steam is bled to the DA after throttling through a number 
of valves to a pressure of approximately 10 psig, with a decrease in steam temperature from 377 0F to 315 
0F (at state 4). The steam flows into the DA in process 4-6 at this temperature. After interacting with water 
in the DA, the steam loses some energy and its temperature in the DA drops to 225 0F. The vent condenser 
receives this steam and non-condensable gases from the DA to heat the excess condensate water, after 
throttling, during process 5-7. At state 7, the temperature of the steam is approximately 220 0F. The steam 
flows through the vent condenser during process 7-8, after which it is vented to the atmosphere. 
The storage tanks also receive the condensed water in the return line from the campus at a temperature 
of approximately 165 0F and at a pressure of approximately 5-7 psig. Processes 9-12 and 10-12 show the 
water flowing into, and mixing in, the storage tanks from the vent condenser and campus return lines, 
respectively. State 19 is the makeup water source. This water is at a temperature of 60 – 75 0F, before it 
flows through the heat exchanger in the basement, during process 19-11. The basement heat exchanger 
heats the makeup water to a temperature in the range of 90 – 145 0F during process 19-11. The heated 
makeup water then goes to, and mixes in, the storage tanks (process 11-12), where it also mixes with the 
water from the vent condenser (process 9-12) and the campus return lines (process 10-12). The storage 
tanks’ exit water temperature is approximately 160 0F.  
During process 12-13, the condensate water is pumped by the condensate pumps. Process 13-14-6 shows 
the condensate water flowing into and through the DA after throttling via a control valve, thus reducing 
the pressure during the process. Process 13-9 shows the excess condensate water flowing through the 
vent condenser, where it is heated by steam and non-condensable gases (i.e., which the vent condenser 
receives from the DA, process 7-8); and then this heated water is returned to the storage tanks. There is 
not much change in pressure, as compared to the power plant pressures, in process 13-9, because the 
gate valve in this process is completely open to allow maximum flow of water to the vent condenser. 
Process 6-15 shows the water from the DA being pumped by booster pumps and boiler feed water pumps. 
At state 15, the pressure of the water is approximately 350 psig. Process 15-1 shows throttling from 350 




All throttling processes in the T-S diagram have been represented with dashed lines. The arrows indicate 
the direction of flow of the water/steam. The entire boiler blowdown is represented by processes 16-17-
18 in the form of red dashed and solid lines. The blowdown is actually not part of the typical T-S diagram; 
but it is shown so that all of the processess occuring in the power plant can be diagrammed in the same 
figure. The blowdown occurs from the boiler and undergoes throttling, as shown by process 16-17 by a 
red dashed line. In process 17-18 (red solid line), this water flows through the basement heat exchanger 
where its temperature gets reduced so that it is below 140 0F, after which the blowdown water is drained 
to the sewers. 
3.i Procedure for Calculating the Reclaimed Energy from Heat Exchangers 
Cold makeup water flows through the basement heat exchanger (see process 19-11 in Figs. 7b and 7c) 
before it goes to the condensate storage tanks (see process 11-12 in Figs. 7b and 7c). As explained earlier, 
the basement heat exchanger receives both the makeup water (that comes from the water softening 
tanks) and the hot water from the flash tank (the water that is condensed from the steam) in separate 
pipelines. Due to the exchange of heat between these two streams, the temperature of the makeup water 
increases, before it flows to the condensate storage tanks. Similarly, in the vent condenser on the first 
floor, the excess condensate water gets heated by the steam coming from the DA tank (see process 7-8 
in Figs. 7b and 7c). The condensate water and the steam flow in separate pipelines in the vent condenser. 
The excess condensate water is then returned to the condensate storage tanks in the basement (see 
process 13-9-12 in Figs. 7b and 7c). 
Because both the basement heat exchanger and the vent condenser help in transferring the heat from 
the hot water/steam to the relatively colder makeup/condensate water, energy is recovered or reclaimed. 
This energy would have otherwise been lost. This reclaimed energy is calculated by  
 
𝐸𝑣𝑒𝑛𝑡/𝐻𝐸𝑋 =  𝑚𝑣𝑒𝑛𝑡/𝐻𝐸𝑋 𝑐𝑝 ∆𝑇𝑟𝑖𝑠𝑒                                                                  (2) 
 
According to Alabdullah [1], the numerical value of temperature rise of the condensate water as it flowed 
through the vent condenser was found from randomly observing the temperature gauges across the vent 
condenser over four months. The average temperature rise across the vent condenser that Alabdullah 
recorded was 18.4oF [1], which was approximated as 19oF in his calculations. This approximation was 
made based on the inlet and outlet temperatures that were visually taken from the analog temperature 
gauges. 
 
Since digital temperature sensors were installed (see Section 2.i.a) after Alabdullah finished his work, the 
temperature rise is more accurately presented here. This temperature data was logged every minute so 
that the trends of the temperature change could be seen spanning several days. Sections 3.ii and 3.iii 
provide details on this new temperature data. 
 
The energy transferred to the water by the power plant comes from burning natural gas. So, reclaiming 
energy from both the basement heat exchanger and the vent condenser results in burning less natural 
gas for heating the water to convert it to steam. Natural gas is provided to the KU power plant by the 
Black Hills Energy Company. Thus, the power plant reduces its budget by needing less natural gas when it 




One of the terms required to calculate overall plant efficiency is the boiler efficiency. In order to calculate 
boiler efficiency, the amount of natural gas that would be needed to provide energy for the conversion of 
feed water to steam in the boiler is required. Boiler efficiency is a measure of the amount of combustion 
energy that can be converted into steam energy in the boiler. Boiler efficiency is defined as [16] 
 
𝜂𝑏𝑜𝑖𝑙𝑒𝑟  =





(𝑚𝑠𝑡𝑒𝑎𝑚 ℎ 𝑠𝑎𝑡.𝑠𝑡𝑒𝑎𝑚 −  𝑚𝐵𝐹𝑊 ℎ 𝑤𝑎𝑡𝑒𝑟(𝐵𝐹𝑊))
𝑉𝑜𝑙𝑓𝑢𝑒𝑙 (𝐿𝐻𝑉𝑓𝑢𝑒𝑙 )
                                     (3𝑎)   
The boiler efficiency equation should include only the amount of boiler feed water that is converted to 
saturated steam. However, some of that feed water exits the boiler in the form of boiler blowdown. This 
blowdown water has to be taken into account in Eq. (3a). Since there is no flow meter installed in either 
the main steam line or the blowdown line, it is not possible to calculate the exact amount of feed water 
that is converted to steam in the boiler or the flowrate of boiler blowdown. Thus, it is assumed that that 
steam is produced directly by 98% of the boiler feed water while 2% of the boiler feed water is lost as 
blowdown [4]. 
 
The 𝑚𝑠𝑡𝑒𝑎𝑚 shown in Eq. (3a) refers to all generated steam from the boiler, which includes the amount 
of steam extracted from the main steam line and injected into the DA tank in order to preheat the boiler 
feed water in the DA tank. 𝑚𝐵𝐹𝑊 refers to the boiler feed water that is converted into steam in the boiler. 
According to the assumption that 98% of 𝑚𝐵𝐹𝑊 is considered to approximately equal the amount of 
generated steam from the boiler, i.e., 98 % 𝑚𝐵𝐹𝑊 ≈ 𝑚𝑠𝑡𝑒𝑎𝑚, Eq. (3a) can be rewritten as 
 
𝜂𝑏𝑜𝑖𝑙𝑒𝑟  =
(𝑚𝑠𝑡𝑒𝑎𝑚 ℎ 𝑠𝑎𝑡.𝑠𝑡𝑒𝑎𝑚 − 
𝑚𝑠𝑡𝑒𝑎𝑚
0.98   ℎ 𝑤𝑎𝑡𝑒𝑟(𝐵𝐹𝑊))
𝑉𝑜𝑙𝑓𝑢𝑒𝑙  (𝐿𝐻𝑉𝑓𝑢𝑒𝑙 )
                                     (3𝑏)   
 
All terms in Eq. (3b) are defined in the Nomenclature. 
 
Since the fuel used in the steam power plant is natural gas, an average Lower Heating Value (LHVfuel) of 
natural gas is employed which is equal to 1018.6 Btu/ft3 for 7 inch water gauge gas pressure and a 
temperature of approximately 60 0F.  This information was obtained from George Werth, KU’s Campus 
Energy Engineer [17].  
 
The natural gas fuel flow rate (𝑉𝑜𝑙𝑓𝑢𝑒𝑙) in Eq. (3b) is provided by the steam power plant’s operating log 
sheets [4] (see Appendix E). 𝑚𝑠𝑡𝑒𝑎𝑚 in Eq. (3b) is also given by those log sheets (see Appendix E). The 
enthalpies for both the saturated steam (ℎ𝑠𝑎𝑡.𝑠𝑡𝑒𝑎𝑚) and the boiler feed water (ℎ𝑤𝑎𝑡𝑒𝑟(𝐵𝐹𝑊)) are found 
from the steam tables [16], as explained in the following discussion. 
 
The BFW temperature is taken from averaging the maximum and minimum temperatures of the boiler 
feed water flow. The BFW enters the economizer as a compressed liquid (State 1 in Figs. 7b and 7c). So, 
the enthalpy of the boiler feed water is found from the steam tables for compressed liquid conditions. 
From observation of the BFW temperature in the hourly log sheets [4], the maximum and the minimum 
BFW temperatures are found to be 230 oF and 220 oF. Therefore, the average boiler feed water 
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temperature is taken as 225 oF. At this boiler feed water temperature in compressed liquid conditions, the 
enthalpy is 193.3 Btu/lbm (from the steam tables at 175 psig and 225 oF). For ℎ 𝑠𝑎𝑡.𝑠𝑡𝑒𝑎𝑚, 175 psig saturated 
steam has an enthalpy of 1197.7 Btu/lbm (from the steam tables, also at 377 oF).  
 
Finally, using this information in Eq. (3b), the average daily and monthly boiler efficiency can be calculated 
(see Appendix E). Even though the daily boiler efficiency information is given in the log sheets provided 
by the steam power plant, this efficiency is not used in the calculations in this thesis because there is no 
explanation for how the log book boiler efficiency is calculated.  
 
For calculating the overall plant efficiency, the energy reclaimed by both heat exchangers with respect to 
the combustion energy of the natural gas in the boilers, has to be taken into account. The plant efficiency 
can then be calculated by including both the boiler efficiency and the energy reclaimed by both heat 
exchangers with respect to the natural gas combustion energy in the boilers. 
 
𝜂𝑝𝑙𝑎𝑛𝑡  =  𝜂𝑏𝑜𝑖𝑙𝑒𝑟 + 
𝐸𝑣𝑒𝑛𝑡/𝐻𝐸𝑋
𝑉𝑜𝑙𝑓𝑢𝑒𝑙(𝐿𝐻𝑉𝑓𝑢𝑒𝑙 )
                                                (4𝑎) 
 
Because the vent condenser and the basement heat exchanger heat the boiler feed water to a higher 
temperature before the water reaches the boiler, less natural gas is required in the boiler to convert the 
feed water into steam. In other words, natural gas is saved by using either the vent condenser or the 
basement heat exchanger.  The volume of natural gas saved is calculated by 
𝑉𝑜𝑙𝑓𝑢𝑒𝑙,𝑠𝑎𝑣𝑒𝑑 =
𝐸𝑣𝑒𝑛𝑡/𝐻𝐸𝑋 
𝜂𝑝𝑙𝑎𝑛𝑡 (𝐿𝐻𝑉𝑓𝑢𝑒𝑙  )
                                                   (4𝑏) 
 
See Appendix F for the energy gain calculations of both heat exchangers.  
3.ii Vent Condenser on the First Floor 
For the vent condenser, the Cadillac flow meter (see Appendix B4) accurately logged the flow rate, which 
was used in the calculation of natural gas saved. The TMC6-HE temperature sensors (see Appendix B1) 
recorded the temperatures (with an error of ± 0.36 0F to ±0.72 0F) of the condensate water at the inlet 
and at the outlet of the vent condenser on a per-minute basis, for the months of October and November 
of 2015 (see Figs. 39 and 40). The temperature rise in the vent condenser (with an error of ±0.72 0F to 
±1.44 0F) for the months of October and November is shown in Figs. 41 and 42. 
It was found that approximately 353,800 ft3 of natural gas was saved in October, while, in November, 
approximately 476,980 ft3 of natural gas was saved (see Table F4) as compared to the case when the vent 
condenser was not used for both months.  
Using the standard cost of natural gas ($0.0053/ft3) for 7 inch water gauge gas pressure and a temperature 
of approximately 60 0F (i.e., approximately ground temperature) [17], the vent condenser saved 
approximately $1,875 in October and $2,530 in November as compared to the case when the vent 















Fig. 41. Temperature rise of condensate water flowing through the vent condenser (for October of 2015) 
 
 
Fig. 42. Temperature rise of condensate water flowing through the vent condenser (for November of 
2015) 
Based on the amount of steam generated, the energy reclaimed by the vent condenser in every month 
was estimated (see Appendix F). The total energy reclaimed by the vent condenser for the year of 2015 
was estimated to be 4,790,000,000 Btu (see Table F3) as compared to the case when the vent condenser 
was not used. Therefore, the estimated savings for natural gas in calendar year 2015 was found to be 
$27,680 as compared to the case when the vent condenser was not used. All of the calculations are shown 
in detail in Appendix F. 
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3.iii Heat Exchanger in the Basement 
The HOBO temperature data logger was set to record the temperatures of the water in the two inlet 
pipelines and the two outlet pipelines. Temperatures were recorded on a per-minute basis for the months 
of October and November of 2015. 
The temperature rise of the makeup water exiting the heat exchanger was very inconsistent (see Fig. 43). 
It fluctuated from as low as 5 0F to as high as 140 0F. This is due to the pipelines sometimes being closed 
off. At the makeup water outlet, there is a mechanical valve. The power plant staff open the valve by 
varying amounts, based on the level of water in the condensate tanks. The condensate tanks have a level 
indicator, which the power plant staff check before they open/close the mechanical valve. The desired 
level of water in the condensate storage tanks is about 52% of the tanks’ capacities. There is a control 
system attached to the storage tanks with a solenoid valve for each tank.  The solenoid valve has two 
positions only: open or closed. Based on the water level in the DA tank, the control system sends a signal 
to the solenoid valve which then opens or shuts automatically. In this way, the solenoid valve controls the 
flow of makeup water into each storage tank from the heat exchanger. In Fig. 43, the temperature of the 
water at the inlet and outlet of the heat exchanger in the basement from 3:57 pm to 5:02 pm on October 
5, 2015 is shown. In Fig. 44, the temperature rise of the makeup water as it passed through the heat 
exchanger from 3:57 pm to 5:02 pm on October 5, 2015 is shown. 
 
Fig. 43. Temperature of water at the inlets and outlets of the basement heat exchanger from 3:57 pm to 
5:02 pm on October 5, 2015 
When the water level in each condensate tank is more than 52%, the solenoid valve (on receiving signal 
from the control system) for that tank shuts off. For this case, the makeup water in the entire pipeline is 
stationary. Because this water is not moving, the temperature difference rapidly increases, and 
sometimes it reaches as high as 1400 F. A test was conducted on October 5, 2015 between 6:20 pm and 
7:30 pm (see Fig. 45) to see the change in temperature of the water based on either opening or closing of 





Fig. 44. Temperature rise of makeup water flowing through the basement heat exchanger from 3:57 pm 
to 5:02 pm on October 5, 2015 
 
At the beginning of the test, the mechanical valve was initially open (see Fig. 45). The mechanical valve 
was then completely closed. Once the mechanical valve was closed, the temperature of the makeup water 
started to gradually rise. This was because there was no flow of makeup water through the heat 
exchanger. Also, the solenoid valves just before the condensate storage tanks were open during this time 
interval. After some time, the mechanical valve was opened 100%. At the beginning of this situation, there 
was a drastic drop in temperature of the makeup water. However, after some time, the temperature 
started gradually rising, even though the mechanical valve was 100% open. This was because the solenoid 
valves shut off completely, which meant that the water level in the condensate tanks was more than 52% 
of tank capacity. Thus, there was no flow of makeup water in the heat exchanger during this time interval. 
It was thus concluded that the makeup water flow was highly dependent on the solenoid valve, regardless 
of the mechanical valve being open/closed. Even though power plant staff tried to minimize these high 
temperature rises in the makeup water by opening/closing the mechanical valve, it was not a foolproof 
method because of the independent nature of the solenoid valve. 
The temperature data was investigated for a month on a per-minute basis. It was seen that the 
temperature difference across the heat exchanger (for the makeup water) varied from 5 0F to 140 0F. Even 
though 35 0F was initially considered to be too high for the makeup water temperature rise, it was seen 
that the temperature rise in the makeup water remained constant at 35 0F for a 1-3 hours on October 7, 
October 9, October 15 and October 24 of 2015, when the solenoid valve was open. When the solenoid 
valve shut automatically, the magnitude of temperature rise immediately increased, going as high as 180 
0F. As a result of these investigations, only temperature rises from 0 0F to 35 0F were considered for 
calculations of heat exchanger energy savings. All of the temperature rises above 35 0F were neglected, 
as it was assumed that water was not flowing in the pipe, but was just stationary for these situations. 
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Makeup water flow rate was also required for the calculation of energy recovered from the heat 
exchanger. However, the volume measuring device used by the power plant staff did not have a data 
acquisition system associated with it. Instead, hourly readings of the volume of makeup water were 
recorded by the power plant staff (see Section 2.i.c). So this data was employed.  
Initially, the hourly readings were divided by 60 to give an average flow rate of makeup water in gpm. 
However, this was not accurate for measuring flow rate, because there were periods of time when there 
was no flow of makeup water, as explained earlier. So, an estimate of makeup water flow rate was made 
based on the temperature rise of the makeup water. This estimate assumed zero flow rate when the 
temperature rise was greater than 35 0F. The procedure for this process is detailed in the next few 
paragraphs and Tables 1 and 2. 
The temperatures of the makeup water at the inlets and outlets of the basement heat exchanger were 
recorded by the HOBO data logger for every minute, and the temperature rise of the makeup water was 
subsequently calculated. Table 1 shows the temperature rise of the makeup water as it flowed through 
the heat exchanger between 12 – 1 am on October 6, 2015 (for 30 readings only, not 60). 
 
 
Fig. 45. Temperature of water at the inlets and outlets of basement HEX during test for opening/closing 
mechanical and solenoid valves on October 5, 2015 
 
It was found that there were several time intervals (30 to be exact) within that hour that the temperature 
rise of the makeup water exceeded 350 F. It was assumed that the solenoid valve was closed during these 
time intervals and so, there was no flow of water through the heat exchanger (i.e., the water was 
stationary). Thus, the temperature rise recordings for these time intervals were not included in Table 1. 
This meant that there was flow of makeup water through the heat exchanger for the remaining 30 minutes 
of that hour, where the temperature rise varied from approximately 130 F to 330 F. The temperature 
differences for only those 30 time intervals were considered for further calculations of average flow rate. 
Valve opened completely 
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Thus, the recorded hourly usage, 430 gallons for 12-1 am on October 6, 2015, was divided by 30 to get an 
initial/overall average flow rate of 14.333 gpm for those 30 minutes (which were not necessarily 
sequential in time). 
Although the overall average flow rate was computed as 14.333 gpm, this was not the actual per-minute 
makeup water flow rate (for those 30 minutes). The temperature rise of the makeup water for every 
minute was not the same.  It was therefore assumed that the flow rate would also not be the same for 
every minute. To estimate the makeup water flow rate for every minute, the temperature rises for the 
makeup water for each of the 30 minutes of non-zero flow were rearranged. It was assumed that the 
higher the rise in makeup water temperature, the lower the makeup water flow rate (i.e., an inverse 
relation). The temperature rise for every one minute time interval was inversely ratioed to the highest 
temperature rise recorded (in this case, 33.40 0F; row 30 of Table 1) (refer to 2nd column in Table 2). The 
14.333 gpm average flow rate was then multiplied by this inverse ratio (refer to 3rd column in Table 2). 
The new flow rate value for every minute (or reading) was assumed to correspond to the relative 
temperature rise of the makeup water for that minute. Table 2 shows the decrease in the temperature 
rise values (refer to 1st column in Table 2) corresponding to increase in the flow rate values of makeup 
water (refer to 3rd column in Table 2) for the 30 time intervals. 
The total hourly usage of the makeup water was 430 gallons. However, the sum of the estimated makeup 
water flowrates from column 3 of Table 2 did not equal 430 gallons for that hour because the procedure 
to get column 3 of Table 2 did not maintain consistent total overall flow. Instead, the sum of the estimated 
makeup water flow rates equaled 890.85 gallons for that hour. So, for the per-minute flow rates to sum 
up to 430 gallons for that hour, the estimated flow rates were reduced by a factor of 0.4826 (i.e., 
430/890.85 = 0.4826). The new flow rates are shown in column 4 of Table 2. 
Appendix F shows the calculation of the energy savings using the data from Table 2. Because of the 
extremely lengthy nature of computing the estimated makeup water flow rates (since the flow rates had 
to be computed for every hour for an entire month), these flow rates were computed on an hourly basis 
for two days in October (October 8 and October 21) and two days in November (November 8 and 
November 21) of 2015. The monthly savings were then projected based on those four days of data. 
For the basement heat exchanger, Appendix F shows an estimated savings of 97,960 ft3 of natural gas for 
October, while for November, approximately 132,060 ft3 of natural gas was saved (see Table F4 in 
Appendix F). Based on the cost of natural gas being $0.0053 per ft3 [17], approximately $520 was saved in 
October and approximately $700 was saved in November as compared to the case when the basement 
heat exchanger was absent for both months. 
The energy reclaimed by the basement heat exchanger for each month of 2015 was estimated based on 
the steam generated by the boilers for that month (see Appendix F for detailed explanation). The total 
energy reclaimed by the heat exchanger in the basement in 2015 was estimated to be 1,325,000,000 Btu. 
Thus, the basement heat exchanger’s total savings for natural gas was estimated to be $7,660. 
Note that this approximate procedure was used to obtain an estimate of the savings as compared to the 
case when the basement heat exchanger was not used; but assuming a different maximum temperature 
rise than 35 0F would yield different results.  




Table 1. Temperature rise and corresponding flow rate of makeup water for 30 readings for which    
∆Trise ≤ 35 0F 
Time 
Intervals 
(min) Date & Time Temperature Rise (0F) 
1 10/06/15 12:04:36 AM 25.33 
2 10/06/15 12:05:36 AM 20.62 
3 10/06/15 12:06:36 AM 17.17 
4 10/06/15 12:07:36 AM 13.56 
5 10/06/15 12:08:36 AM 17.60 
6 10/06/15 12:09:36 AM 14.16 
7 10/06/15 12:10:36 AM 18.75 
8 10/06/15 12:30:36 AM 29.30 
9 10/06/15 12:31:36 AM 19.42 
10 10/06/15 12:32:36 AM 18.48 
11 10/06/15 12:33:36 AM 14.63 
12 10/06/15 12:34:36 AM 19.64 
13 10/06/15 12:35:36 AM 13.62 
14 10/06/15 12:36:36 AM 18.73 
15 10/06/15 12:37:36 AM 14.02 
16 10/06/15 12:38:36 AM 15.18 
17 10/06/15 12:39:36 AM 17.10 
18 10/06/15 12:40:36 AM 13.04 
19 10/06/15 12:41:36 AM 14.84 
20 10/06/15 12:42:36 AM 17.04 
21 10/06/15 12:43:36 AM 13.32 
22 10/06/15 12:44:36 AM 14.13 
23 10/06/15 12:45:36 AM 16.60 
24 10/06/15 12:46:36 AM 14.81 
25 10/06/15 12:47:36 AM 13.08 
26 10/06/15 12:48:36 AM 15.97 
27 10/06/15 12:49:36 AM 13.36 
28 10/06/15 12:50:36 AM 15.44 
29 10/06/15 12:51:36 AM 19.29 








Table 2. Ratios of temperature rises and corresponding flow rates of makeup water 










water flow rates 
using conversion 
factor (gpm) 
In descending order (X) Y = (33.40/X) (14.333 gpm) (Y) 
Conversion factor 
= (430/890.95)       
= (0.4826) 
33.40 1 14.33 7.07 
29.30 1.13            16.71 8.06 
25.33 1.31            19.33 9.33 
20.62 1.61            23.75 11.46 
19.64 1.70            24.93 12.03 
19.42 1.71            25.22 12.17 
19.29 1.73            25.39 12.2 
18.75 1.78            26.11 12.60 
18.73 1.78            26.15 12.62 
18.48 1.80            26.50 12.79 
17.60 1.89            27.83 13.43 
17.17 1.94            28.52 13.76 
17.10 1.95            28.64 13.82 
17.04 1.95            28.74 13.87 
16.60 2.01            29.50 14.24 
15.97 2.09            30.67 14.80 
15.44 2.16            31.70 15.30 
15.18 2.19            32.25 15.56 
14.84 2.25            33.00 15.93 
14.81 2.25            33.06 15.96 
14.63 2.28            33.46 16.15 
14.16 2.35            34.58 16.69 
14.13 2.36            34.64 16.72 
14.02 2.38            34.93 16.86 
13.62 2.45            35.94 17.35 
13.56 2.46            36.11 17.43 
13.36 2.49            36.64 17.68 
13.32 2.50            36.75 17.74 
13.08 2.55          37.43 18.06 
13.04 2.55           37.54 18.12 




3.iv Calculation of Estimated Heat Exchanger Area   
The two heat exchangers in the KU power plant are shell-and-tube type. These heat exchangers are 
designed so that they have an outer shell enclosing a series of tubes. One fluid at a certain temperature 
flows through the tubes, and a second fluid, which is at a different temperature than the first fluid, flows 
over and around the tubes (i.e., this fluid flows through the shell). This results in heat transfer between 
the two fluids. The fluids can be either liquids or gases on either the shell or the tube side. For efficient 
heat transfer, the area for energy exchange should be as large as reasonably possible. This area is directly 
proportional to tube size, number of tubes and number of passes. By using these heat exchangers (i.e., 
both the vent condenser and the basement heat exchanger), waste heat can be recovered, thus leading 
to the conservation of energy. Both of the heat exchangers are Bell & Gosset U-tube SU design type heat 
exchangers (see Fig. 46). The heat exchanger is termed “SU” as it is designed for steam to flow in the shell, 
and water to flow in the tubes. This section deals with estimating the basement heat exchanger surface 
contact area. 
Based on the flow direction, heat exchangers can be separated into three categories [18] 
1. Parallel flow 
Both fluids flow in the same direction through the heat exchanger. 
 
2. Counter-flow 
The fluids flow in opposite directions in the heat exchanger. 
 
3. Cross-flow 
The fluids flow perpendicular to each other in the heat exchanger. 
 
Fig. 46. SU heat exchanger when used with a storage tank (reproduced from Ref. 19) 
It is important to know what types of heat exchangers are installed in the power plant because, in the 
future, similar and compatible heat exchangers can be installed so as to help increase energy savings. 
There was not sufficient manufacturer’s information on the heat exchangers to know if they were parallel 




heat exchanger when parallel flow or counter-flow was assumed. These areas were compared to the 
surface contact area which was estimated from the physical length measurements of the basement heat 
exchanger (provided by the Bell & Gosset representatives [19] and by this author), to see whether the 
parallel or counter-flow assumption was correct. The assumed temperature profiles of the makeup and 
blowdown water flowing through the heat exchanger in the basement are shown in Figs. 47 and 48, with 
the assumption of parallel flow and counter-flow, respectively. 
Temperatures at the inlets and outlets of the heat exchanger were recorded by the HOBO data logger at 
4:30:00 pm on December 5, 2015. The temperature of the condensed water from the flash tank was 227 
0F (not steam as pressures were approximately 5-10 psig) while the temperature of the water drained 
from the heat exchanger to the sewers was 199 0F. The temperatures of makeup water were 95 0F at the 
inlet and 194 0F at the outlet of the basement heat exchanger. So, temperature rise in the water, ∆𝑇𝑟𝑖𝑠𝑒, 
was 99 0F. The density of water, 𝜌, was 61 
𝑙𝑏𝑚
𝑓𝑡3
  and the makeup water flow rate (that went into the 
basement heat exchanger),𝑄𝑣𝑒𝑛𝑡/𝐻𝐸𝑋, was found to be approximately 12 gpm. So the hourly makeup 
water, 𝑚𝑚𝑎𝑘𝑒𝑢𝑝,ℎ𝑟, was calculated by using 
















) = 6005 
𝑙𝑏𝑚
ℎ𝑟
                                            
To calculate the heat gain by the water, use  
𝑞 =  𝑚𝑚𝑎𝑘𝑒𝑢𝑝,ℎ𝑟 𝑐𝑝 ∆𝑇𝑟𝑖𝑠𝑒                                                                                   (5b)               






) (99 ℉) = 590,000 𝐵𝑡𝑢/ℎ𝑟 
The calculations were done for one specific set of data on December 5, 2015. 
From the first law of thermodynamics, the formula for calculating heat transfer occurring in a heat 






=  𝜂𝐻𝐸𝑋𝑈𝐴𝑐𝑎𝑙𝑐∆𝑇𝑙𝑚                                               (5c) 
where 𝑞 is the heat transfer, 𝑈 is for the overall heat transfer coefficient, 𝐴𝑐𝑎𝑙𝑐 is the contact area for heat 
exchange to take place, 𝜂𝐻𝐸𝑋  is the heat exchanger efficiency and  ∆𝑇𝑙𝑚 is the logarithmic-mean 
temperature difference. The logarithmic mean temperature, ∆𝑇𝑙𝑚, for a parallel flow heat exchanger is 
not equal to that for a counter-flow heat exchanger. Using the data available, very approximate 
calculations were done to estimate the area, 𝐴𝑐𝑎𝑙𝑐, of the heat exchanger; and then this area was 
compared to the contact area computed from external measurements of the heat exchanger. This could 
help in deducing whether the heat exchanger is counter-flow type or parallel flow type. 
Most of the information below was obtained from contacting Bell & Gosset’s technical support group [19]. 
Overall Heat Transfer Coefficient [19] was, 
𝑈 =  942
𝐵𝑡𝑢
ℎ𝑟 ℉𝑓𝑡2
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The diameter of the tubes and the length of the entire heat exchanger was first measured in the power 
plant using Vernier calipers and a measuring tape, respectively. The outside diameter of the tubes, D, was 
measured by the author to be 1.98 inches while the overall length of the heat exchanger, L, was measured 
by the author to be 63 inches. On contacting the Bell & Gosset’s representatives, the diameter of the 
tubes (2 inch), and the length of the heat exchanger (63.375 inches) was provided [19], which agreed very 
closely with the measurements taken by the author. Also, it was confirmed by company representatives 
that the heat exchanger had two passes. The exit and entry of the makeup water were on the same side 
of the heat exchanger. 
To compute the area resulting from the measurements, use 
                                          𝐴 = 𝑁𝑛𝜋𝐷𝐿                                                                                            (6) 
where N is the number of tubes and n is the number of passes. For two tubes, two passes, and using D 
and L provided by the company representatives, 
                                          𝐴 = (2)(2)𝜋(2 𝑖𝑛)(65.375 𝑖𝑛) =  1643 𝑖𝑛2  =  11.41 𝑓𝑡2                     
The diameter of the heat exchanger (without insulation) was measured by the author to be 8 inches. It 
can be assumed that the maximum number of tubes that can be contained in the heat exchanger is four 
(i.e., 8 inches/2 inches = 4). The heat exchanger does not have enough area and space to contain more 
than four tubes. Assuming that there are four tubes (instead of two), the external surface tube area is 
computed as (from Eq. (6)) 
 𝐴 = (4)(2)𝜋(2 𝑖𝑛)(65.375 𝑖𝑛) =  3286 𝑖𝑛2  =  22.82 𝑓𝑡2 
If parallel flow is assumed, then more tubes (i.e., three) would be required to see whether the external 
surface tube area could match the calculated area. The external surface tube area for 3 tubes is (from Eq. 
(6)) 
𝐴 = (3)(2)𝜋(2 𝑖𝑛)(65.375 𝑖𝑛) =  2464 𝑖𝑛2  =  17.11 𝑓𝑡2 
Next, assumptions of parallel flow and counter-flow will be used to compute areas to compare with the 
measured area. 
 
3.iv.a Parallel Flow Assumption 
Physically, the heat exchanger piping structure is such that it looks like it is counter-flow. However, in this 
section, parallel flow type was assumed so as to see whether the calculations for the area matched the 
measured surface tube area. Thus, the directions of flow of the hot water and the cold makeup water into 
the heat exchanger were assumed to be the same (refer to Fig. 47).  
At the inlet of the heat exchanger, the temperature of hot water entering the heat exchanger (from the 
flash tank), Th1, was  227 0F, and the temperature of cold makeup water entering the heat exchanger, Tc1, 
was 95 0F. These temperatures were obtained from the digital TMC6-HE temperature sensors (see 




Fig. 47. Temperature profile of the SU heat exchanger (parallel flow) 
 
At the outlet of the heat exchanger, the temperature of the hot water drained to the sewer, Th2, was 199 
0F, and the temperature of heated makeup water leaving the heat exchanger, Tc2, was 194 0F. These 
temperatures were obtained from the digital temperature sensors at the outlet pipelines for the 
basement heat exchanger.  
Therefore, the temperature difference at the heat exchanger exit, ΔT’’, was 199 – 194 0F or 5 0F. The 
temperature difference at the heat exchanger inlet, ΔT’, was 227 – 95 0F, or 132 0F. From the known values 
of ΔT’’ and ΔT’, the calculated ∆𝑇𝑙𝑚  was 38 
0F. So, using Eqs. (5b) and (5c), the calculated heat exchanger 
area of the tubing, 𝐴𝑐𝑎𝑙𝑐, was 16.48 ft
2. 𝜂𝐻𝐸𝑋 was assumed to be 1 for this calculation. 
 
3.iv.b Counter-Flow Assumption 
For this calculation, the basement heat exchanger was assumed to be a counter-flow design; and, the 
directions of flow of the hot water, from the flash tank and the makeup water from the water softeners, 
were assumed to be opposite (refer to Fig. 48).  
Th1, Th2, Tc1 and Tc2 were the same as given in Section 3.iv.a for parallel flow.  
Thus, ΔT’’ was 227 0F – 194 0F or 33 0F.  ΔT’ was 199 0F – 95 0F or 104 0F. From the known values of ΔT’’ 
and ΔT’, the calculated ∆𝑇𝑙𝑚 was 63.1 
0F. So, using Eqs. (5b) and (5c), calculated area, 𝐴𝑐𝑎𝑙𝑐, was 9.92 ft
2. 





Fig. 48. Temperature profile of the SU heat exchanger (counter-flow) 
The type of heat exchanger could best be determined if more information, such as 𝜂𝐻𝐸𝑋, from the 
manufacturer was available. The efficiency of the SU heat exchanger is unknown (the Bell & Gosset 
representatives couldn’t supply this information). Typically, heat exchanger efficiencies vary between 0.85 
and 0.9 [18]. Also, there is flow of water in both the shell and the tube sides of the basement heat 
exchanger. But the heat exchanger (being SU type) was designed for flow of steam on the shell side [19].  
Table 3 shows computed 𝐴𝑐𝑎𝑙𝑐 and A values when either parallel flow or counter-flow was assumed for 
the heat exchanger in the basement. 
𝐴𝑐𝑎𝑙𝑐was found by assuming a 𝜂𝐻𝐸𝑋 of 1 and 0.9, respectively (see Table 3). Also, A was calculated from 
measurements and then assuming N of 2, 3 and 4 tubes (see Table 3).  
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Table 3. Calculated and measured heat exchanger areas based on parallel or counter-flow assumption 
 
For a 𝜂𝐻𝐸𝑋 of 0.9, it can be observed that the counter-flow assumption for two tubes (i.e., N=2) yields a 
measured external tube surface area (𝐴) close to the calculated external tube surface area (𝐴𝑐𝑎𝑙𝑐) of the 
heat exchanger, as compared to that of the parallel flow assumption for three tubes (i.e., N=3) (see Table 
3). So, it can be suggested that the heat exchanger is counter-flow if the assumptions of 𝜂𝐻𝐸𝑋 = 0.9 and 































































Chapter 4: Analysis of Pump Data 
This chapter deals with the data collected from the Worthington constant speed pump (pump #1) and the 
Grundfos variable speed pumps (pump #2). As explained in Chapter 1, the power plant staff have four 
condensate pumps, and each pump runs for one week out of every four weeks. Pump data was collected 
from June of 2015 to November of 2015. This data was used to calculate and compare the power 
consumption of the Worthington and Grundfos pumps. The level control mode versus pressure control 
mode of the Grundfos pumps was also investigated to see its effect on power consumption.  
For a specified impeller diameter and speed, a centrifugal pump has a fixed and predictable performance 
curve (although with age, changes do occur on the performance curve) (see Appendix H for some 
examples of pump performance curves). The “pump curve” shows the ability of the pump to produce a 
certain flow rate based on the pump head (discharge pressure) at that operating condition. The point 
where the pump operates on its curve is dependent upon the characteristics of the system in which it is 
operating, and these characteristics can be translated into the “system curve”. The system curve is the 
relationship between fluid flow and hydraulic losses in a system. The parabolic shape of the system curve 
is determined by the frictional losses (dependent on the square of the flow rate) through the system, 
including all pipe lengths, bends and valves. The KU plant has control valves and other mechanical valves, 
mostly in series. For cases considered in this thesis, the system curve is dependent primarily on the 
opening/closing of the control valve before the DA tank. The operating point is at the intersection of the 
system curve and pump curve (see Fig. 49). The opening/closing of this valve changes the system curve, 
which then determines whether the operating point moves to the right or the left in Fig. 49. 
 
Fig. 49. Example of pump curve, system curve and operating point 
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4.i Data from Worthington Constant Speed Pump 
The Worthington constant speed pump ran during the week from June 29 through July 6 of 2015. The 
discharge pressure of the Worthington pump varied because it depended on the pump’s operating point, 
which itself was affected by system curve changes (see Fig. 50). The average discharge pressure was found 
to be 48.46 psig. The system curve changed because the control valve opened and closed in order to keep 
the water level in the DA tank fairly constant (i.e., 52% of tank capacity). The control valve wasted energy 
because it blocked water flow into the DA tank. Thus, the system curve’s shape changed primarily due to 
the frictional losses generated by the control valve. When the control valve opened more, this caused the 
system curve to become flatter. The operating point then moved to the right in Fig. 49, resulting in 
increased flow of water into the DA tank. When the control valve closed more, and the system curve 
became steeper; and the operating point moves to the left, resulting in decreased flow of water into the 
DA tank. 
 
Fig. 50. Discharge pressure of Worthington pump when it ran from June 29 to July 6 of 2015 
 
As explained before, the Worthington pumps only ran for one week in each month during the time period 
of the study. The average discharge pressures for the Worthington pump during one week for each month 
from June 2015 to November 2015 are presented in Table 4. 
When the steam demand increased, the control valve opened more in order to feed the DA tank with 
more condensate water. So the constant speed pump tried to deliver a higher flow rate; but the discharge 
pressure reduced due to the fact that this pump could not perform more work than that for which it was 
designed (see Fig. G1a for Worthington pump curves). The average flow rate of the Worthington constant 
speed pump was found to be 136.58 gpm, during the week of June 29 to July 6 of 2015 (see Fig. 51). 
Steam demand 
increase caused 




Table 4. Average discharge pressure of the Worthington pump between June and November of 2015 (for 























June 47.72 39.44 30.28 8.28 
July 48.46 39.62 29.77 8.84 
August 49.23 39.61 30.12 9.62 
September 48.81 39.13 31.49 9.68 
October 49.02 39.19 32.81 9.83 
November 49.06 35.93 30.32 13.13 




Fig. 51. Discharge flow rate of Worthington pump when it ran from June 29 to July 6 of 2015 
The pressure before the control valve, during the week of June 29 to July 6 of 2015, is presented in Fig. 
52. This data was taken in order to determine the pressure drop in the pipelines between the Worthington 
pump discharge and a point just before the control valve. There are numerous pipe fittings such as elbows, 
valves and T-sections in these pipelines. Minor head losses occur because of the restriction in flow by 
these pipe fittings. Also, there are major head losses due to friction in the pipelines. Because of these 
major and minor head losses, pressure drop is created as the water moves inside the pipelines. During the 
week of June 29 to July 6 of 2015, the average pressure before the control valve was 39.62 psig (see Table 
Steam demand 
increase caused 
higher flow rate 
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4), while the discharge pressure of the Worthington pump was 48.46 psig (see Table 4). Thus, there was 
a pressure drop (ΔP) of approximately 8-10 psig (see Table 4) from the discharge of the Worthington pump 
to the control valve, because of the major and minor head losses.  
Next, Fig. 53 shows the excess condensate water flow rate to the vent condenser, when the Worthington 
pump ran during the week of June 29 to July 6 of 2015. The condensate water split up, and most of the 
water went to the vent condenser while the rest of the water went to the DA tank. The discharge pressure 
of the Worthington pump (i.e., 48.46 psig) provided enough pressure for the water to reach the vent 
condenser on the first floor (an approximate 40 ft of elevation which is equivalent to 17.31 psig). The 
average flow rate to the vent condenser during the week of June 29 to July 6 of 2015 was 92.92 gpm (see 
Table 5).   
 
Fig. 52. Pressure before the control valve when Worthington pump ran from June 29 to July 6 of 2015 
 
Fig. 53. Flow rate of condensate water to the vent condenser when Worthington pump ran from June 29 
to July 6 of 2015 
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Table 5 shows the average flow rates of the condensate water (i.e., the pump discharge flow rate, the 
excess condensate flow rate to the vent condenser, and the flow rate of condensate to the DA tank) during 
the six weeks when the Worthington pump was running from June of 2015 to November of 2015. 
Table 5. Average flow rates of the condensate water for the six weeks when the Worthington pump ran 













Rate to DA 
Tank (gpm) 
June 139.64 92.23 47.41 
July 136.58 92.92 43.66 
August 136.74 92.82 43.92 
September 142.97 92.13 50.84 
October 135.81 92.11 43.70 
November 182.75 88.78 93.97 
Average 145.76 91.83 53.91 
 
The recorded average power consumption of the Worthington pump was 5.18 kW (see Fig. 54), during 
the week of June 29 to July 6 of 2015. This power was recorded directly from the Veris power monitor (see 
Appendix B8), which was connected to the HOBO data logger (see Appendix B3). The power consumed by 
the Worthington pump followed the same trend as the discharge flow rate (see Fig. 51). This is because, 
with an increase/decrease in steam demand, there was decrease/increase in pressure in the DA tank. This 
led to more/less water discharged by the pump to the DA tank and vent condenser and hence, the pump 
needed to work more/less for the increased/decreased condensate flow rate. The discharge pressure of 
the pump thus decreased/increased to compensate for the increased/decreased condensate flow. 
Two methods were used to check the validity of the recorded power consumption. The first approach was 
reading the power consumption from the pump manufacturer’s performance curves (see Figs. G1a and 
G2a for Worthington and Grundfos pump curves respectively). The second approach was employing the 
standard equation to calculate the power using measured pump pressure, measured flow rate, and Fig. 
G1a or Fig. G2a efficiency. All the calculations for the Grundfos pumps have been done in Section 4.ii. 
In the first approach, for specifying the average operating point, one piece of information is needed for 
the Worthington pump curve (see Fig. G1a): the average discharge flow rate of the pump. For the 
Grundfos pump curve (see Fig. G2a), the average discharge pressure is also needed. The average discharge 
pressure is shown on the Grundfos pump curve as pressure head in feet instead of psig. Therefore, the 
average recorded discharge pressure given in psig had to be converted to feet. This information is used in 
Section 4.ii. The term head can be defined as “the quantity used to express the energy content of the 
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liquid per unit weight of the liquid referred to any arbitrary datum” [20]. To convert the pressure from 
psig into feet of head, use [20] 






                                                                                (7)       
All terms are defined in the Nomenclature. The specific gravity (γ’) for water at 160 0F [7] is 0.979 [20] (the 
average temperature of the condensate water was assumed to be 160 0F). Using the pump’s average 
discharge flow rate (in gpm), the Worthington pump performance curves were used (see Fig. G1a) in order 
to find the required power to perform the work for the Worthington pump. Using the pump’s average 
discharge flow rate (in gpm) and discharge pressure (in ft), the Grundfos pump performance curves were 




Fig. 54. Power consumed by Worthington pump when it ran from June 29 to July 6 of 2015 
The second approach for validating the recorded power consumption used measured flow rate, measured 




                                                                            (8) 
However, in order to calculate the electrical power consumption by the system (pump and motor), the 




  (0.7456 
𝑘𝑊
ℎ𝑝
)                                                         (9𝑎) 
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ℎ𝑝
)                                                         (9𝑏) 
All terms are defined in the Nomenclature. Equation (9b) is used in Section 4.ii. 
The percent difference between the power from the pump curve and the power recorded by the HOBO 
data logger was computed. Also, the percent difference between the computed power from Eq. (9a) (or 
Eq. (9b), depending on whether the pump was Worthington or Grundfos) and the power recorded by the 
HOBO data logger was computed. The following equations were used.  
                                                                             𝐸 (%) =
𝑊1̇  −?̇?
?̇?








× 100                                                                (12) 
Here, ?̇? is the power recorded by the HOBO data logger, 𝑊1̇  is the power read from the pump curve, and 
?̇?2 is the power computed from Eq. (9a) (or Eq. (9b), depending on whether the pump was Worthington 
or Grundfos). 
During the week of June 29 to July 6 of 2015, the Worthington pump’s power consumption from pump 
curve (see Fig. G1a) was approximately 4.49 kW, using an average flow rate of 136.58 gpm. The average 
recorded power consumption from the HOBO data logger was 5.18 kW, 13.32% higher than the power 
from the pump curve.  
For Eq. (9a), the pump efficiency must be found. Using an average flow rate of 136.58 gpm for the 
Worthington pump, the efficiency from the pump curve was found to be 0.59 (see Fig G1a), and the pump 
power consumption was then computed to be 4.88 kW, with Ƞm taken to be 1.0. It is important to note 
that the power read from the pump performance curve for the Worthington pump depended only on the 
pump’s discharge flow rate. The calculated power consumption from Eq. (9a) was 5.79% less than the 
recorded power consumption value of 5.18 kW. 
Table 6 shows the average power and the computed power differences for the Worthington pump for 
each of the months from June of 2015 to November of 2015. The table shows that the differences are 
consistent throughout those months. The Worthington pump was installed in the power plant in 2005, 
while the power was recorded by the data logger in 2015. Thus, aging of the pumps is assumed to have 
caused deterioration in the pump performance, and hence a decrease in the efficiency.  
The aging factor contributes to calculation errors because the pump manufacturer has no information 
regarding aging pump performance. The efficiency of the pump reduces gradually with age due to wear 
and tear. So, the pump’s power consumption increases. Also, there was no electronic version of the 
Worthington pump curve. So, the pump power and efficiency from the pump curve were determined by 
hand. An error of ̂ ±5% had to be considered for the power read from the pump curve.  
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The power read from the pump curve varied greatly as compared to that of the calculated power using 
Eq. (9a). It has to be noted that there was no information about the type of efficiency on the pump 
performance curve; whether it was the overall efficiency or just the motor efficiency. If it was just the 
motor efficiency, then the pump efficiency also had to be taken into account. Multiplying both the motor 
and pump efficiencies would give the overall efficiency. Then the power calculated from Eq. (9a) could 
become more accurate and might have a value closer to the power read from the pump curve. In this 
thesis, the pump curve efficiency for the Worthington pump was assumed to be overall efficiency because 
of lack of information. 
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4.ii Data from Grundfos Variable Speed Pumps  
The Grundfos pumps ran at constant pressure during the week of October 27 to November 2 of 2015, 
apart from two hours on October 29, when they ran in level control mode. The Grundfos pumps also ran 
in level control mode for two hours on October 21, 2015. 
The operating principle of the Grundfos pump was different from that of the Worthington pump. 
Whenever the operating point of the pump changed due to opening/closing of the control valve (to keep 
the water level in the DA tank constant), the variable speed pumps sped up or slowed down to maintain 
the set point discharge pressure. The set point for the discharge pressure was selected by the steam power 
plant’s staff to be 43 psig (see Fig. 55). When the steam demand increased, the variable speed pumps 
responded to the increase and provided a higher flow rate at the same discharge pressure of 43 psig (see 
Fig. 56). For Fig. 56, the average pump discharge flow rate was found to be 175 gpm from the Grundfos 
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control panel. The corresponding average pump discharge flow rate from the Siemens flow meter was 
150 gpm.  
There was a relatively consistent difference of approximately 24 gpm between the flow rate data obtained 
from the Siemens flow meter and the Grundfos control panel. Table 7 shows the average flow rates of the 
Grundfos pumps, obtained from both the control panel and the Siemens flow meter. The differences were 
consistent throughout all of the months, as can be seen in Table 7. On contacting the Grundfos 
representatives [21], it was confirmed that the control panel data should be trusted. However, the 
Grundfos control panel does not have a built-in flow meter, so it does not measure flow rate of the pumps. 
 
Fig. 55. Discharge pressure of Grundfos pumps from October 27 to November 2 of 2015 
 
 
Fig. 56. Flow rate of Grundfos pumps from October 26 to November 2 of 2015 
Level Control Mode 
(Pressure decreased 
to almost 10 psig) 
Pressure Control Mode 
(Fairly consistent 
pressure of 
approximately 43 psig) 
Level Control Mode (The flow 
rates fluctuated a lot, even going 
to zero flow at some points) 
Pressure Control Mode (The 
flow rates remained fairly 
consistent at 185 gpm) 
Grundfos data lost because 
of laptop disconnection 
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Only the power consumption and the discharge pressure are measured. Based on this data, the Grundfos 
control panel then calculates the discharge flow rate. Instead, the Siemens flow meter measures the 
actual discharge flow rate of the pumps. The flow rate data from the Siemens flow meter was trusted 
because the flow meter had been tested and calibrated [1]. For these reasons, the control panel data for 
flow rate was not considered for calculations (for power consumption of the Grundfos pumps). All of the 
calculations henceforth use the flow rate data from the Siemens flow meter. 
Table 7. Flow rate comparison between Siemens flow meter and Grundfos control panel for six weeks of 
data in the months when the Grundfos pumps ran 
















































The Grundfos control panel did not record flow rate, discharge pressure and power consumption data for 
the Grundfos pumps at equal time intervals. Thus, the average flow rates had to be computed based on 
time-weighting by using the Trapezoidal formula (see Eq. (1) and Section 2.iii). Table 8 shows the 
differences between the values for the arithmetic average and the time-weighted average for the flow 
rates.  
Table 8. Comparison of arithmetic average and time-weighted average for flow rates of condensate 
water when the Grundfos pumps ran 
 





































































The time-weighted average of recorded power consumption from the Grundfos control panel was 5.6 kW 
during the week of October 27 to November 2 of 2015 (see Fig. 57). This was similar to the power 
consumption of the Worthington pump. This was because the Grundfos pumps usually ran in pressure 
control mode, i.e., the discharge pressure for the Grundfos pumps were set at a constant pressure of 43 
psig. From the next sections, 4.ii.a and 4.ii.b, it can be seen that the power consumption reduced 
drastically when the Grundfos pumps were run in level control mode. 
 
 
Fig. 57. Power consumption of Grundfos pumps from October 27 to November 2 of 2015 
 
4.ii.a Level Control Mode (October 21, 2015) 
Level control mode was successfully implemented on October 21, 2015. This mode was implemented for 
two hours from 1:30 pm to 3:30 pm. In the following set of results, the Grundfos pumps ran in level control 
mode, based on the input that the Grundfos control panel received from the level sensor installed at the 
DA tank (refer to Section 2.ii.b.ii.b). In this operating mode, the Grundfos pumps were unable to deliver 
the excess condensate water to the vent condenser. Thus, all of the condensate water flowed into the DA 
tank. The control valve just before the pump was fully open during level control mode, so as to allow for 
maximum condensate flow into the DA tank. 
The power consumption of the Grundfos pumps when running in level control mode vs. pressure control 
mode is shown in Fig. 58. The power consumption fluctuated when the Grundfos pumps were in level 
control mode, from 1:30 pm to 3:30 pm on October 21, 2015. The power consumption peaked three times 
due to the pumps’ sensitivity to changes in the water level in the DA tank.  
Level Control Mode (Power 
consumption decreased to 
an average of 1.33 kW) 
Pressure Control Mode 
(The power 
consumption was fairly 
consistent and was an 




Fig. 58. Power consumption of Grundfos pumps when they ran in pressure and level control modes from 
12:00 pm to 3:30 pm on October 21, 2015 
Once the water level went below the set point of 52% in the DA tank, the pumps reacted as fast as possible 
to make up for that reduced water level. Such fast reaction caused the power consumption to peak as 
shown in Fig. 58. However, these peaks lasted for a short period of time, ranging from 9 to 40 seconds, 
depending upon the amount of water in the DA tank. Then power consumption dropped steeply to the 
lowest level. Even though these peaks existed, the Grundfos pumps consumed much less energy during 
level control mode than when they were in pressure control mode. The average power consumption was 
only 1.33 kW, which is much lower than the power consumption (approximately 5.2 kW) when the 
Grundfos pumps were in pressure control mode from 12 pm to 1:30 pm as shown in Fig. 58. The average 
discharge pressure during level control mode was only 12.94 psig (see Fig. 59), while the average discharge 
flow rate was only 64.08 gpm (see Fig. 60).  
 
Fig. 59. Discharge pressure of Grundfos pumps when they ran in pressure and level control modes from 
12:00 pm to 3:30 pm on October 21, 2015 
Level Control Mode 
(Average power 
consumption was 1.33 kW) 
Pressure Control Mode 
(Average power 
consumption was 5.2 kW) 
Level Control mode 
(Average discharge 
pressure was 12.94 psig) 
Pressure control (Average 





Fig. 60. Flow rate of Grundfos pumps when they ran in pressure and level control modes from 12:00 pm 
to 3:30 pm on October 21, 2015 
 
4.ii.b Level Control Mode (October 29, 2015) 
This section has the details of the level control mode on October 29, 2015 (level control mode was also 
used on October 28, 2015). The flow rate, discharge pressure and discharge flow rate were also analyzed 
to see if the data followed similar trends to that of the data recorded for the level control mode period 
on October 21, 2015.  The same settings were selected as those of October 21, 2015, and the test was 
carried out from 1:30 pm to 3:30 pm.  
Also, Ti (the pump response time interval) was selected as 2 seconds, instead of the default 0.5 second. 
This meant that the Grundfos pumps allowed 2 seconds to pass before they responded to any change in 
the water level in the DA tank. 0.5 second was deemed too fast (see Fig. 61), and there were many peaks 
and troughs in the plots when 0.5 second was used. For a Ti of 2 seconds, the peaks and troughs weren’t 
completely eliminated (see Fig. 62), but they were greatly reduced. There were fourteen power 
consumption peaks for a Ti of 0.5 second, while there were only seven power consumption peaks for a Ti 
of 2 seconds, and the Grundfos pumps ran in level control mode for two hours in each case. The minimum 
pump performance was also set at 42% of full speed for both cases (see Section 2.ii.b.ii.b). 
A Ti of 2.5 or even 3 seconds is recommended. This could result in fewer peaks and troughs in the plot for 
pump power consumption, i.e., fewer fluctuations in the pumps’ power consumption. However, there is 
also a possibility that there could be an overflow of water into the DA tank because of the delayed 
response by the pump to the DA tank’s water level. So, any change in the Ti setting has to be carefully 
made so that there are no adverse effects on the DA tank water level. 
 
Level Control Mode 
(Average flow rate 
was 64.08 gpm) 
Pressure control mode 





Fig. 61. Power consumption of Grundfos pumps when they ran from 9:30 am to 12:45 pm on February 
23, 2015 for Ti of 0.5 second (reproduced from Ref. 1) 
 
 
Fig. 62. Power consumption of Grundfos pumps when they ran from 1:30 to 3:30 pm on October 29, 
2015 for Ti of 2 seconds 
In the troughs between the peaks in Fig. 62, there was fairly constant power consumption which lasted 
for approximately 6-7 minutes. This was due to the fact that the pumps shifted from normal operation to 
minimal operation mode (i.e., 42% of full speed). The average power consumption for the Grundfos 
pumps was 3.46 kW for Fig. 62, again much less than the average power of 5.2 kW that the pumps 
consumed when they ran in pressure control mode from 12 pm to 1:30 pm (right before the level control 
mode was implemented). 
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As is evident from Fig. 63, the flow rate also peaked when the water level in the DA tank decreased below 
the 52% set point. The peaks were usually for very short time intervals ranging from 5 to 50 seconds. 
There was a very large flow of condensate into the DA tank during these peaks. When the last peak was 
examined, it was found that the average flow rate was 293.4 gpm, but for a time period of only 35 seconds. 
This caused the pumps to work much harder to maintain the water level in the DA tank at the 52% set 
point; and so the Grundfos pumps had higher power consumption during the peaks. The average flow 
rate for the Grundfos pumps when they ran in level control mode was 106.59 gpm (see Fig. 63). 
 
Fig. 63. Flow rate of condensate water when Grundfos pumps ran in level control mode on October 29, 
2015 
The initial peak in the Grundfos pumps’ pressure, shown in Fig. 64, was because the control valve before 
the DA tank was not fully open. This forced the pumps to produce a high pressure in order to overcome 
the control valve’s frictional head losses so that condensate water could reach the DA tank. The average 
discharge pressure was 14.16 psig for the Grundfos pumps when they ran in level control mode. The 
power consumed in the first and last peaks in Fig. 62 was excluded from the calculation of the average 
power consumption. 
To summarize the data obtained for the pressure control (from 12 pm to 1:30 pm) and level control (from 
1:30 pm to 3:30 pm) modes of the Grundfos pumps for October 21 and October 29 of 2015, Table 9 shows 
a comparison of the average discharge pressure, flow rate and the power consumption. 
Because of the relatively colder weather on October 29 (mean temperature was 42 0F) as compared to 
that on October 21 (mean temperature was 55 0F), the steam demand was greater. Thus, the average 
power consumption and flow rates were higher for the Grundfos pumps on October 29, as compared to 
those of October 21. In level control mode, the Grundfos pumps consumed 76% less power on 21 October 
and 38% less power on October 29 as compared to the pressure control mode’s power consumption 





Fig. 64. Discharge pressure of Grundfos pumps when they ran in level control mode on October 29, 2015 
 
Table 9. Comparison of data when Grundfos pumps ran in pressure control mode and level control mode 
on October 21 and October 29 of 2015 
Grundfos 
Pump Mode 
Avg. Discharge Pressure 
(psig) 
Avg. Flow Rate 
(gpm) 
Avg. Power Consumption 
(kW) 
Pressure Control 
(October 21, 12 
pm to 1:30 pm) 42.71 142.34 5.25 
Level Control 
(October 21, 
1:30 pm to 3:30 
pm) 12.94 64.08 1.33 
Pressure Control 
(October 29, 12 
pm to 1:30 pm) 42.83 141.56 5.21 
Level Control 
(October 29, 
1:30 pm to 3:30 
pm) 14.16 106.59 3.46 
 
Just as was done for the Worthington pumps, the power used was validated by the same two methods, 
comparing the recorded power from the Grundfos control panel with: (1) power read from the Grundfos 
pump curve (see Fig. G2a), and (2) computed power using Eq. (9b). Table 10 shows a comparison of the 
power values along with the percentage differences. 
For the Grundfos pumps, the power was recorded using the control panel data. In addition, power was 
calculated using Eq. (9b). Power was also read from the Grundfos pump performance curve (see Fig. G2a), 
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by inputting the flow rate (in gpm) and the discharge pressure (in ft. of head). Initially it was found that 
the Grundfos pumps had larger percentage errors (i.e., E and E’) as compared to those of the Worthington 
pumps. This is because the Grundfos control panel recorded flow rate and power based on a Grundfos 
algorithm, instead of using the more accurate flow rate recorded by the Siemens flow meter. Since the 
Grundfos algorithm could not be trusted, Eq. (9b) used the flow rate recorded by the Siemens flow meter, 
instead of using the flow obtained from the algorithm. 
When the flow rates recorded by the Siemens flow meter were used to determine power for both the 
Worthington and the Grundfos pumps, it was found that the Worthington pump actually had bigger errors 
as compared to those of the Grundfos pumps. There were negligible differences between power read 
from the pump curve and power calculated from Eq. (9b) (i.e., E’’) for the Grundfos pump as compared to 
those for the Worthington pump. Equation (9a) was used instead of Eq. (9b) for the Worthington pump.  
Aging could be a major factor in this analysis. The Grundfos pumps were installed in the power plant in 
2010; however the Worthington pump was installed in 2005. Also, the efficiency from the Grundfos pump 
curve was the overall pump efficiency; but for the Worthington pump, it was unknown as to whether the 
pump curve showed the overall pump efficiency or was to be combined with the motor efficiency. 
See Appendix H for the plots of the discharge flow rate and power consumption of both the Worthington 
and the Grundfos pumps, taken on the corresponding weeks from June of 2015 to November of 2015. 
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4.iii Savings from Having Vent Condenser vs. Not Having Vent Condenser 
This section deals with an assessment that was performed to see how much could be saved by using a less 
powerful pump (i.e., with no vent condenser present) as compared to the present system (i.e., with the 
Worthington condensate pump and the vent condenser present). The pump chosen was a Dayton 2ZWP2 
centrifugal pump [22], which had a maximum discharge flow rate of 67 gpm at a pressure of 19 psig. For 
a flow rate of 50 gpm, the corresponding pressure was approximately 25 psig [22]. 
To make use of the vent condenser in the first floor, excess condensate water must be moved through an 
elevation change of 40 ft (i.e., 17.34 psig). So, the condensate pump should be powerful enough to provide 
water to both the vent condenser and the DA tank simultaneously. The Worthington constant speed pump 
had a discharge pressure of approximately 49 psig to accomplish both of these tasks.  
However, if the vent condenser were not present at all or not used, then the condensate pump would 
have to supply water only to the DA tank. This would mean that the pump would not require a discharge 
pressure as high as 49 psig (see Table 4) to supply water to the DA tank, because the DA tank only required 
water at a pressure of approximately 10 psig (see Table 4). So, a less powerful pump (i.e., the Dayton 
pump) could achieve this task (i.e., supplying water only to the DA tank).  
To calculate the work done to move water to the DA tank, use 
                                                                      Ẇ′ = 𝐶2 𝐶3𝐶4 𝑄 ∆𝑃 / ƞ𝑝          (13) 
C2, C3, and C4 are conversion factors and are included in the Nomenclature. The average discharge flow 
rate for Worthington pump, over various months in 2015, was found to be approximately 140 gpm 
(refer to Table 5). Worthington pump efficiency was (see Fig. G1a), ƞ𝑝  =  0.59. 
The average flow to the vent condenser, over various months in 2015, was approximately 90 gpm (refer 
to Table 5). Thus, the average flow rate to the DA tank was the difference between the flow rate of 
Worthington pump and the flow rate to the vent condenser or approximately ~50 gpm (refer to Table 5). 
Using Eq. (13), the work required to move 140 gpm of water to the DA tank and the vent condenser (i.e., 
for the Worthington pump) was 
                                                 Ẇ𝐷𝐴,𝑣𝑒𝑛𝑡 𝑝𝑟𝑒𝑠𝑒𝑛𝑡   











) (140 𝑔𝑝𝑚) (49 𝑝𝑠𝑖𝑔) (
1
0.59
)    
                                                =  287.67 𝐵𝑡𝑢/𝑚𝑖𝑛 
The work required to move 50 gpm of water to the DA tank (when no vent condenser is present, i.e., for 
the Dayton pump) would be 
                                               Ẇ𝐷𝐴,𝑣𝑒𝑛𝑡 𝑎𝑏𝑠𝑒𝑛𝑡 
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ƞ𝑝 for the Dayton pump was not available from its pump curve [22]. For the calculations, ƞ𝑝 was assumed 
to be the same as that for the Worthington pump, i.e., 0.59. Thus, the work required to move 90 gpm of 
water to the vent condenser is 
Ẇ𝑛𝑒𝑡  =  Ẇ𝐷𝐴,𝑣𝑒𝑛𝑡 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 − Ẇ𝐷𝐴,𝑣𝑒𝑛𝑡 𝑎𝑏𝑠𝑒𝑛𝑡                                                       
                   = 287.67 –  52.41 =  235.26 𝐵𝑡𝑢/𝑚𝑖𝑛 
 
Energy reclaimed by the vent condenser was calculated by using a modified version of Eq. (2) where a 
conversion factor, C2, is included.  
                                          𝐸𝑣𝑒𝑛𝑡/𝐻𝐸𝑋 =  𝐶2 𝑚𝑣𝑒𝑛𝑡/𝐻𝐸𝑋 𝑐𝑝 ∆𝑇𝑟𝑖𝑠𝑒                                                                     (14)            
                                                                 =  𝐶2 𝜌 𝑄𝑣𝑒𝑛𝑡/𝐻𝐸𝑋 𝑐𝑝 ∆𝑇𝑟𝑖𝑠𝑒 










                                                                 = 6611.78 𝐵𝑡𝑢/𝑚𝑖𝑛 
 
Excess condensate water moved to the vent condenser at a flow rate of 90 pm having an average 
temperature of 1600 F and 𝑐𝑝 = 1.001 Btu/lbm 
0F. Using a modification of Eq. (4b), which includes an hour-
minutes conversion factor, C5, assuming a plant efficiency of 0.88 and the LHVfuel of natural gas being 
1018.6 Btu/ft3, the volume of natural gas saved by using the vent condenser was 
𝑉𝑜𝑙𝑓𝑢𝑒𝑙,𝑠𝑎𝑣𝑒𝑑 =  
𝐶5 (𝐸𝑣𝑒𝑛𝑡/𝐻𝐸𝑋)
(ƞ𝑝𝑙𝑎𝑛𝑡)(𝐿𝐻𝑉𝑓𝑢𝑒𝑙)

















Using the cost of natural gas as $0.0053/ft3 [17], the energy savings by using the vent condenser (i.e., 
using the Worthington pump) with respect to the baseline: the Worthington pump being used without 
the vent condenser, was 
 𝐻𝑜𝑢𝑟𝑙𝑦 𝑉𝑒𝑛𝑡 𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 𝑆𝑎𝑣𝑖𝑛𝑔𝑠 
                                              =  (𝑉𝑜𝑙𝑓𝑢𝑒𝑙,𝑠𝑎𝑣𝑒𝑑) (
𝑐𝑜𝑠𝑡 𝑜𝑓 𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠
𝑓𝑡3 ⁄
)                                                 (16)           






) =  $2.34/hr 
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Using the cost of electricity as $0.0717/kW-hr [17], if there were no vent condenser (i.e., using a Dayton 
pump), energy savings with respect to the baseline: the Worthington pump being used without the vent 
condenser, would be  
                          𝐻𝑜𝑢𝑟𝑙𝑦  𝑆𝑎𝑣𝑖𝑛𝑔𝑠 (𝑁𝑜 𝑉𝑒𝑛𝑡 𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟)  
                           =  𝐶5 𝐶6 (Ẇ𝑛𝑒𝑡) (
𝑐𝑜𝑠𝑡 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦
𝑘𝑊 − ℎ𝑟 
⁄ )                                                                (17)           






)(235.26 𝐵𝑡𝑢/min) ($0.0717/kW − hr)  =  $0.286/hr 
Yearly vent condenser savings was calculated by multiplying $2.34/hr by 8760 hr/yr. For one year, the 
savings by using the vent condenser was found to be $20,498. If no vent condenser were present, the 
yearly savings was calculated by multiplying $0.286/hr by 8760 hr/yr. For one year, the savings by not 
having the vent condenser was found to be $2,505. 
Because the two cases use different pumps, the effective annual costs of the pumps have to be included 
in the calculations in order to obtain the overall savings. The effective annual cost of the vent condenser 
also has to be taken into account.  
To do this, the present value of the piece of equipment, the rate of interest and the number of 
compounding periods are required so as to be able to compute the effective uniform series value 𝐴0. 
Effective uniform series value 𝐴0 of any piece of equipment can be calculated by [23] 
𝐴0 =
𝑃𝑉 𝑑(1 + 𝑑)𝑛𝑖
(1 + 𝑑)𝑛𝑖 − 1
                                                                       (18)  
This equation is used to consider the Worthington pump, the Grundfos pump and the vent condenser as 
the pieces of equipment. Here 𝑑 is the rate of interest (assumed to be constant), ni is the number of 
compounding periods. In this case, since yearly compounding is assumed, ni is the expected life of each 
pump (20 years).  
For the Worthington pump, PV is $2500 [1]; so from Eq. (18), A0 is $168 for a 3% interest rate. For the 
Dayton pump, PV is $524 [22]; so from Eq. (18), A0 is $35. For the vent condenser, PV is $500 [4]; so from 
Eq. (18), A0 is $34 for a 3% interest rate. 
Tables 11 and 12 show the savings from using the Worthington pump (i.e., vent condenser calculations 
are present) vs. the savings from using the Dayton pump (i.e., vent condenser not present). Both savings 
calculations are with respect to the baseline: the Worthington pump being used without the vent 
condenser.  
For a rate of interest of 3%, the presence of the vent condenser yields $20,296 in yearly savings as 
compared to just $2,470 if there were no vent condenser present and the pump were smaller. For a rate 
of interest of 6%, the presence of the vent condenser yields $20,236 in yearly savings as compared to just 
$2,460 if there were no vent condenser present. All of the savings figures were calculated with respect to 
the baseline: the Worthington pump being used without the vent condenser. Thus, it can be concluded 
that the benefits of the vent condenser outweigh those of purchasing and maintaining a less powerful 
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pump. It can also be seen that the difference between interest rates does not cause much of a difference 
in the calculations. An important note is that maintenance costs are not included in the calculations. This 
is because they are assumed to be the same, regardless of the pump type and the vent condenser being 
present or absent. These tables assume that there is no change in the cost of electricity or gas for 20 years. 
Different results would be obtained if all of these changes are taken into account. 
 
Table 11. Comparison of savings when vent condenser is present vs. not having the vent condenser for 
an assumed rate of interest of 3% over 20 years 
 Worthington Pump Dayton Pump 
Annual energy savings from vent 
condenser ($) 
20,498 0 
Annual energy savings by using 
Dayton pump ($) 
0 2,505 
Yearly cost of pump ($) -168 -35 
Yearly cost of vent condenser ($) -34 0 
Total yearly savings ($) 20,296 2,470 
 
Table 12. Comparison of savings when vent condenser is present vs. not having the vent condenser for 
an assumed rate of interest of 6% over 20 years 
 Worthington Pump Dayton Pump 
Annual energy savings from vent 
condenser ($) 
20,498 0 
Annual energy savings by using 
Dayton pump ($) 
0 2,505 
Yearly cost of pump ($) -218 -45 
Yearly cost of vent condenser ($) -44 0 
Total yearly savings ($) 20,236 2,460 
 
Potentially, the Grundfos pumps in level control mode could save more than the hypothetic Dayton pump 
because the Grundfos pumps only provide the pressure needed. However, the capital cost of the Grundfos 
pumps (i.e., approximately $2,640) is much higher than that of the Dayton pump (i.e., approximately 






Chapter 5: Conclusions and Recommendations 
5.i Conclusions 
Both of the heat exchangers that were used in the power plant led to reduction in consumption of natural 
gas. This resulted in increased temperature of the boiler feed water. Due to this, there was an increase in 
plant efficiency from 0.86 to 0.88 in October, 2015 and from 0.92 to 0.94 in November, 2015 (see Table 
E1). The basement heat exchanger yielded an estimated savings of $520 for October of 2015 and $700 for 
November of 2015. Meanwhile, the vent condenser allowed for savings of $1,875 for October of 2015 and 
$2,530 for November of 2015. The yearly savings for the basement heat exchanger was estimated at 
$7,660 while, for the vent condenser, the estimate was $27,680. 
Also, the monetary benefit of having a vent condenser with a powerful condensate pump far outweighed 
the benefit of having a less powerful condensate pump without a vent condenser. For a 3% interest rate, 
the yearly savings of the power plant when the vent condenser was present equaled $20,296, while that 
for the less powerful pump (Dayton pump) equaled $2,470; both savings were computed with respect to 
the baseline: the Worthington pump being used without the vent condenser. So, the power plant staff 
were justified in using the vent condenser.  
The heat exchanger in the basement was a steam-water combination heat exchanger. Thus, this was not 
the ideal heat exchanger to use because there was water flow in both the shell and tube sides, instead of 
having steam flow in the shell side. It was also unknown whether either of the heat exchangers were 
parallel type flow or counter-flow. By assuming an efficiency of 0.9 and increasing the number of tubes to 
4, the calculated area and the tube surface area values have a minor difference of 2.6%. So, it can be 
stated that the calculations validate the counter-flow assumption. 
When running in level control mode, the Grundfos pumps’ reaction to a water level change was not ideal. 
There were significant fluctuations in the power consumption and pressure of the Grundfos pumps due 
to large changes in flow rate. For certain time periods, the pumps consumed too much energy (i.e., as 
high as 8-10 kW), due to increased pump rotational speeds and high flow rates to the DA tank. Even so, 
the average power consumption when the Grundfos pumps ran in level control mode was 1.33 kW on 
October 21, 2015 and 3.66 kW on October 29, 2015. In comparison, the power consumption of the 
Grundfos pumps were 5.2 kW and 5.6 kW during pressure control mode on those two respective dates. 
In conclusion, the Grundfos pumps’ level control mode’s power consumption was much less than that of 
the pumps’ pressure control mode, even for colder weather. There were fewer fluctuations in the power 
consumption as compared to the results of Alabdullah [1]. This was because of changing the delay time Ti 
of the pumps from the default of 0.5 second to 2 seconds, which allowed the Grundfos pumps more time 
to respond to changes in the DA tank water level. 
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5.ii Recommendations for Future Work 
 Presently, the power plant staff operate the mechanical valve at the outlet of the basement heat 
exchanger for the makeup water flow, based on visually evaluating the level of water in the 
condensate storage tank. An automated level sensor could be installed so that it detects the level 
of water in the storage tank, and an associated control valve could be installed in addition to the 
mechanical valve. This would eliminate the need for the solenoid valve. The mechanical valve 
could also be retained for backup emergency purposes. 
 The steam power plant’s boilers run at a pressure of 170-175 psig. However, the boiler feed 
pumps have discharge pressures as high as 350 psig. There is a huge potential for energy savings 
if the constant speed pumps can be replaced by variable speed pumps. A detailed study could be 
performed regarding the opportunity for these savings. For a flow rate of 50 gpm to the boiler 
and discharge pressure of 175 psig, the electricity saved is $0.46/hr, and so the yearly savings in 
electricity is approximately $4000 as compared to a pump whose discharge pressure is 350 psig. 
 Instead of having the vent condenser on the first floor (where it is located presently), it should be 
moved to the basement at a location just above the DA tank. This would reduce the amount of 
extra pump pressure (i.e., 17 psig) required to lift the condensate water to the first floor. If the 
vent condenser were moved to the basement, the level control mode of the Grundfos pumps 
could be permanently used to provide condensate water to both the DA tank and the vent 
condenser. For an average flow rate of 64 gpm and average discharge pressure of 25 psig during 
level control mode of the Grundfos pumps with the vent condenser in the basement, 
approximately $15,000 can be saved in natural gas for 20 years as compared to that when the 
vent condenser is on the first floor. 
 Temperature sensors that can be installed directly in the pipelines could be used. This could 
provide more accurate measurements of the condensate water temperatures which would make 
energy savings calculations in this thesis more accurate.  
 The steam flow rate from the DA into the vent condenser is unknown. This steam condenses into 
water, which then flows to the storage tanks in the basement. A flow rate measuring device could 
be installed in this condensed water return line from the vent condenser to the storage tanks so 
as to record the condensed water’s flow rate. There is also no flow rate data available for the hot 
water that flows from the flash tank to the basement heat exchanger. A flow rate measuring 
device could be installed in this pipe line. Knowledge of the flow rates of all fluids for the vent 
condenser and the basement heat exchanger would make the energy savings calculations more 
accurate.  
 A flow rate measuring device with associated data acquisition system could be installed in the 
makeup water line. This would help in recording the makeup water flow rate, rather than 
estimating the makeup water flow rate based on the temperature of the water being used with 
hand-written data, thus improving accuracy in energy savings calculations. 
 A reverse osmosis system could be installed in the power plant. This would help in reducing the 
amount of TDS in the water in the DA tank. This would also reduce the amount of boiler 
blowdown, because boiler blowdown is mainly done to remove the TDS in the boiler feed water. 
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 The water from the flash tank is drained to the sewers presently. This water has a significant 
amount of energy since it usually is at temperatures ranging from 100-140 0F. An extra heat 
exchanger could be installed so as to recover more energy from this water. 
 The water returning from the campus could be run directly through the vent condenser on the 
first floor before it flows into the condensate storage tanks in the basement. This would eliminate 
the need for the condensate pumps to move excess condensate to the vent condenser. A less 
powerful pump could then be used to solely focus on providing water to the DA in the basement. 
However, to move the returning water from the campus to the vent condenser on the first floor, 
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Appendix A: Boiler Control Systems 
There are four boilers in the KU power plant (refer to Fig. 7a). These boilers are managed by control 
systems. Currently, there is a Plant Master (see Fig. A1) that receives input from the steam drum [4]. 
Most boilers of medium to high pressure today use “closed loop control systems” in their boiler control 
systems. A closed loop control system compares the process variable (PV) with the set point (SP). Based 
on the difference between the PV and the SP, a feedback signal is sent to the finite control elements (like 
control valves). These finite control elements then increase or decrease the PV so that it matches the SP 
[24].  
The information described in this Appendix was obtained from the control systems manual for the power 
plant [25] and also from the power plant staff [4]. 
 
Fig. A1. Plant Master control system 
The KU power plant uses various control systems like the Plant Master, Boiler Master, Gas Flow, Oil Flow, 
Oxygen Trim and Steam Drum Water Level loops. The Plant Master loop controls the Boiler Master loop, 
while the Boiler Master loop controls the Gas Flow and Oil Flow loops (see Fig. A2). The Oxygen Trim and 
the Steam Drum Water Level loops are independent [25]. The Process Variables associated with these 
loops are: 
  Liquid level in the steam drum in inches 
  Flow of feed water to the steam drum in gpm 
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  Flow of steam leaving the steam drum in kpph 
  Pressure in the steam drum in psig 
Proper operating control may be defined as “the ability to control a process variable at a given set 
point within an acceptable degree of accuracy” [25]. If not properly set up, abrupt changes in a set 
point can cause system controls to oscillate with excessive errors between SP and PV. Controllers are 
tuned so that the process variable is smooth and matches the set point. The information in the 
following two paragraphs is obtained from the power plant staff [4]. 
 
Fig. A2. Boiler control systems 
Steam header pressure is the key variable that indicates the state of balance between the steam supply 
and the steam demand. If supply exceeds demand, the pressure will rise and vice versa. The term “Plant 
Master” is used when two or more boilers supply steam to a common steam header. Thus, there are 
multiple Boiler Masters but only one Plant Master. The Plant Master generates the master firing demand 
signal that drives the individual boilers [24]. The set point of the steam pressure in the steam header is 
175 psig. According to Robert Mills, one of the power plant staff members [4], the Plant Master sends an 
output signal to the Boiler Master. The Boiler Master receives this signal. Then the Boiler Master sends 
output signals to the control systems for natural gas and oil. The oxygen trim system is independent and 
receives its input from the oxygen analyzer. The oxygen trim system offsets air flow to maintain optimum 
oxygen levels based on combustion calibration. These control systems (see Fig. A2) open/close their 
respective valves to allow/restrict their respective products to flow into the boiler.  
According to Robert Mills [4], if the Plant Master receives an input signal that the steam pressure is 169 
psig, it will essentially try to increase the fuel flow by opening the natural gas control valve more. Because 
of combustion of more fuel, there is an increase in temperature in the boiler. The steam pressure tries to 
reach 175 psig, which is the set point. For more steam to be generated, more fuel is required (i.e., natural 
gas). The Plant Master sends an output signal to the Boiler Master. After receiving an input signal from 
the Plant Master (in Fig. A2, the signal value is 37.0), the Boiler Master then transmits an output signal to 
the gas flow system (shown in Fig. A2). The gas flow control system receives the input signal and then 
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sends an output signal to its control valve to open more so that more natural gas flows into the boilers; 
thus steam generation is increased [4].  
In the main office of the Power Plant, there is a computer display, where all of the respective control 
signals are shown (see Fig. A3). The drum level control system (which controls the feed water) is 
independent of all other systems. Here, the set point is 0.0, which means that the level of water in the 
steam drum is exactly at 50% full by volume. If the level of water becomes less than 50%, a negative .p 
value will be displayed which would then cause the control valve to open a little more so that more water 
can flow into the steam drum from the DA tank. The opposite occurs if the .p value exhibits a positive 
value. 
Table A1 lists the various functions of the different push buttons/regulators for the Master control system, 
while Table A2 lists the meaning of the loop signals. 
Table A1. Functions of the push buttons/regulators for the control system [4] 
Numeric 
Display         
(6 digits) 
Displays the numeric value of the Process Variable (PV) identified by the 8 character 
alphanumeric display. In Fig. A1, 170.3 is the steam pressure (in the steam drum) in 
psig. 
Alphanumeric 
Display         
(8 characters) 
Displays the loop name with associated process variable in the 6 digit numeric display. 
In Fig. A1, PM stands for Plant Master loop and .P stands for the Process Variable (PV) 
of that loop (which is the pressure in the steam drum). 
PB1 Stands for proportional band. It is a range in percent from 0- 100%. When there are 
abrupt changes in PV, PB1 is changed so as to achieve stability in control during these 
system changes. For example, if the PV exceeds the SP, then the PB1 decreases 
accordingly so as to bring the PV back to its original SP. 
PB2 It has the same function as PB1. It is only used when PB1 does not work or is faulty. 
A/M A stands for Automatic Control. M stands for Manual Control. Usually, the system 
works on A, but in case the operator wants to operate manually for a period of time 
for calibration or testing, M can be used. 
LOOP Pressing this button will advance to the next Active Loop, if more than one loop has 
been configured. For example, in Fig. A1, pushing the LOOP button has no effect 
because there is only one loop for this control system, i.e., the Plant Master loop.  
ACK Manages events within the controller. S- Indicates event in Station. L- Indicates event 
is active in Loop. Not much information is known about this parameter. 
D Changes the variable currently displayed, i.e., P, S, V, X values. (Explained in Table A2) 
UNITS Displays units of the variable shown in the alphanumeric display. For Fig. A1, it shows 
psig for the steam pressure. 
S bargraph Displays the scaled range of the controller SP for a specified variable as a percentage 
(in Fig. A1, the pressure in the steam drum). 
P bargraph Displays the scaled range of the controller PV as a percentage (in Fig. A1, the pressure 
in steam drum). In other words, it shows the operator whether the PV is more than or 
less than the controller SP. Ideally, the PV should be exactly the same as the SP. 
V bargraph Displays the scaled range of the Plant Master’s controller output as a percentage of 




Table A2. Meaning of PM loop signals [4] 
.P value Stands for the Process Variable of the currently active loop. 
.S value Stands for the Set Point value of the currently active loop. 
.V value Stands for the Valve opening percentage of the currently active loop. 
.X value Stands for a optional variable value that is manually controlled by the user. 
 
The different values of the data that the computer displays are shown in Fig. A3. For this snapshot, the 
gas (fuel) flow is 33.4 kpph (kilo-pounds per hour); the air flow is 37% of the total air available from the 
air compressors; the oxygen is 2.3% (by volume) of the air flow; the pressure in the steam drum is 177.3 
psig; the level of water is 0.1 inch below the ideal water level in the steam drum; and the flow rates of 
the steam and the feed water are 31.3 kpph and 31.2 kpph, respectively. 
 
 





Plots of the various data versus time 
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Appendix B: Measuring Devices Used in the Project 
Appendix B contains the brochures and/or technical specifications of the measuring instruments used 
for this thesis. The type of instrumentation used, the manufacturer and the model no. are listed in Table 
B1. 
A Gateway laptop was used as part of the data acquisition system to record and plot the data obtained 
from the HOBO U12-006 and the HOBO UX120-006M data loggers. HOBOWARE software was installed 
in the Gateway laptop to analyze the data. 
Table B1. The measuring instruments installed in the KU steam power plant by Schmidt [7], Alabdullah 
[1] and Nanda 
  
Appendix No. Type of Instrumentation Manufacturer Model No. 
Appendix B1 Temperature sensor ONSET TMC6-HE 
Appendix B2 Flow meter & transmitter Siemens SITRANS F M MAG 5100 
Appendix B3 Data logger HOBO U12-006 
Appendix B4 Flow meter Cadillac CMAG 
Appendix B5 Pressure transducer Danfoss MBS 3000 
Appendix B6 Pressure sensor Omega PX43E0-200GI 
Appendix B7 Pressure sensor Grundfos DPI 0-2.5 
Appendix B8 Power monitor sensor VERIS H804X 
Appendix B9 Power supply Mastech HY3003D 
Appendix B10 Level transducer & indicator Suresite Type BA 
Appendix B11 Data logger HOBO UX120-006M 
Appendix B12 Laptop Gateway LT2802u 
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This laptop served as the main data acquisition system for the recording of data in the power plant. The 






The laptop contains a hard disk drive of 250 GB and a RAM of 1 GB. The screen is 10 inch LED LCD 









Appendix C: Calibration of HOBO TMC6-HE Temperature Sensors 
To calibrate the HOBO TMC6-HE temperature sensors, the sensors were placed in an ice-water bath. Later 
the sensors were placed in a vessel of water, which was stirred. This was done to determine the accuracy 
of the sensors when placed in direct contact with a common medium (e.g., water) at a known 
temperature. The differences among the temperature data were then recorded; and, based on these 
differences, it was then determined if the temperature sensors should be used or not for the 
measurement of temperatures in the heat exchangers. As can be seen in Fig. C1, the temperature sensors 
were first put in an ice-water bath, while Fig. C2 shows an example of real time temperature data from 
the HOBO data logger. 
 
Fig. C1. Four temperature sensors in ice-water bath 
 
 
Fig. C2. HOBO data logger displaying real time temperatures of the four sensors in ice-water bath 
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The temperature of each sensor was plotted vs. time, as shown in Fig. C3. It can be seen that the sensors 
measured the temperature of ice (i.e., 32o F). Also, the sensors were very accurate when compared to 
each other (see Fig. C2 for one example). 
 
 
Fig. C3. Plot of the temperatures of the four sensors while submerged in an ice-water bath 
 
The average and the corresponding standard deviation for each sensor are tabulated in Table C1. 




Average                       
(0F) 
Standard Deviation              
(0F) 
1 31.95 0.006 
2 32.01 0.018 
3 32.14 0.011 
4 32.07 0.006 
 
However, since the power plant has hot water flowing in the heat exchanger, the sensors were also tested 
in warm water. Water was heated to approximately 103.5o F and then stirred continuously. The sensors 
were submerged in the heated water before the water was stirred (see Fig. C4). The water was stirred 
continuously for the entire time of the test to best minimize temperature gradients in the water, as shown 
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in Fig. C5. The real time temperatures of the four sensors in hot water (i.e., when stirred) are shown in 
Fig. C6.  
 
 
Fig. C4. The four temperature sensors submerged in hot water (standing water) 
 
 





Fig. C6. HOBO data logger displaying real time temperatures of the four sensors in hot water (stirred)  
 
The water was then heated to approximately 160 oF; and the temperature recording process was 
repeated. The resultant temperatures were plotted against time as can be seen in Fig. C7. The 
temperature sensors logged temperature data whose values were extremely close to each other. When 
the temperatures of the four sensors were compared, with sensor 1 as the reference, the maximum error 
among them was approximately ± 0.02% (see Fig. C8). This error was considered to be acceptable; and 
subsequently, the four sensors were installed on the inlet and outlet pipelines of the heat exchanger in 
the basement. 
The sensors for the vent condenser on the first floor were also calibrated, and the maximum error among 
them was also approximately ± 0.02%. The sensors were installed on the surface of the vent condenser 
tubing, and then temperatures for the condensate water flowing in the vent condenser tubing were 
logged, as shown in Figs. C9 and C10. It can be seen that the temperature differences (Fig. C10) between 
the inlet and outlet water to/from the vent condenser were in the range of 9.4-9.7 0F. The average 















Fig. C9. Temperatures of water at the inlet and outlet of vent condenser 
 
 
Fig. C10. Temperature difference between the outlet and inlet of vent condenser  
 
The sensors were then interchanged between the inlet and outlet in order to check the consistency. The 
resulting temperature plots and differences are shown in Figs. C11 and C12. After the interchange of the 













Also, the temperatures shown by both analog temperature gauges at the inlet and at the outlet of the 
vent condenser were recorded manually. This was done for 5 minutes each at a time interval of 30 seconds 
(see Table C2). The data was collected before and after switching the digital sensors. 
From this data, it can be seen that, for both cases (i.e., before and after the switching of the sensors), the 
inlet temperatures from the two analog gauges were close to the digital sensor temperatures in the plots 
shown in Fig. C9 and Fig. C11. The outlet temperatures from the analog gauges were as close to those of 
the digital sensors as for the inlet temperatures. The outlet temperatures of the digital sensors were 6-9 
oF less than those of the analog gauge outlet temperatures. This difference of 6-9 oF was consistent 
throughout the entire time interval (i.e., for the entire 5 minutes). Aging of the analog temperature gauges 
might have caused inaccuracies in temperature readings. The digital sensors were calibrated and tested 
extensively for both the basement heat exchanger and the vent condenser. The maximum percentage 
error was only ± 0.02% for the digital sensors. Also, the digital sensors logged temperature data 
continuously for every minute. There was also no need to buy a separate data acquisition system for the 
digital sensors because the existing HOBOWARE software could be used for recording and plotting data. 
For these reasons, the data from the digital temperature sensors was used in this thesis.  
 












Time Temp. In (0F) Temp. Out (0F) Time Temp. In (0F) Temp. Out (0F) 
3:50:00 153 170 4:11:00 154 169 
3:50:30 152 169 4:11:30 154 169 
3:51:00 152 168 4:12:00 154 169 
3:51:30 152 168 4:12:30 154 169 
3:52:00 152 167 4:13:00 154 169 
3:52:30 152 167 4:13:30 154 169 
3:53:00 152 167 4:14:00 154 169 
3:53:30 152 168 4:14:30 154 168 
3:54:00 152 168 4:15:00 154 168 
3:54:30 152 168 4:15:30 154 168 
3:55:00 152 168 4:16:00 154 168 
3:55:30 152 167 4:16:30 154 168 
Before interchanging digital sensors  After interchanging digital sensors 
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Appendix D: HOBOWARE Linear Scaling Assistant Window 
The Siemens flow meters send 4-20 mA output signals. The HOBO data logger receives the 4-20 mA signals 
from the Siemens flow meters and then converts them into the desired output values in gpm. This is done 
by Linear Scaling. From Fig. D1, the “raw” values are the 4-20 mA signals sent by the Siemens flow meters. 
According to the HOBOWARE software, the raw values have to be set so that Value 1 is the minimum 
while the Value 2 is the maximum. Thus, Value 1 is set at 4 mA while Value 2 is set at 20 mA. The “scaled” 
values are then correspondingly set according to the device’s minimum and maximum measurement 
values. A sample screenshot of the linear assistant window for the Siemens flow meter is shown in Fig. 
D1. Here, the window shows the default scaled values. Initially, they are 0 for Value 1 and Value 2. These 
values were later changed, scaled Value 1 was set at 0 while scaled Value 2 was set at 528.3 gpm (as the 
minimum and maximum flow rate of the flow meter were 0 and 528.3 gpm, respectively). 
 
 
Fig. D1. Screenshot of HOBOWARE Linear Scaling Assistant Window 
 
Once these data values were logged, HOBOWARE plotted the data values vs. their respective recording 
times. HOBOWARE was set so that data was recorded every minute. In this way, the discharge pressure, 
flow rate and power consumption data of the Worthington and Grundfos pumps, and the temperature 
data from the temperature sensors were recorded on a per-minute basis. 
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Appendix E: Boiler and Plant Efficiency Calculations 
The power plant had log sheets displaying boiler efficiency, however there was no explanation of how it 
was determined. So, using Eq. (3b), boiler efficiency was calculated. 
Examples of the log sheets from the power plant displaying boiler efficiency (right most column), the 
volume of natural gas used, and the mass of steam generated by the boilers are shown in Figs. E1 and 
E2.
 
Fig. E1. Log sheet from power plant displaying boiler efficiency, volume of natural gas used, and mass of 
steam produced for October of 2015 
In order to use Eq. (2) for energy gain calculation, the volume flow rate of the condensate water to the 
vent condenser (𝑄𝑣𝑒𝑛𝑡/𝐻𝐸𝑋) and that of the makeup water to the basement heat exchanger (𝑄𝑣𝑒𝑛𝑡/𝐻𝐸𝑋) 
have to be converted into mass flow rate. (Note that 𝑄𝑣𝑒𝑛𝑡/𝐻𝐸𝑋 is used for either the vent condenser or 
the makeup water flow rate.) This is done by multiplying the volume flow rate by the density of water (𝜌). 
The energy gain of the condensate and makeup water is calculated by multiplying the respective mass 
flow rates by the specific heat capacity of water (𝑐𝑝) and the temperature rise of the water (∆𝑇𝑟𝑖𝑠𝑒) across 
the vent condenser and basement heat exchanger respectively (see Eq. (2)). Water enters the economizer 
as compressed liquid at around 225 0F and it is converted into saturated steam in the boiler at 
approximately 375 0F. This change in enthalpy has to be taken into account in the energy gain calculations. 
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Once the energy gain is known, the boiler efficiency can be calculated by dividing the energy gain by the 
volume of gas used in the boiler multiplied by the LHVfuel of natural gas, using Eq. (3b). 
 
Fig. E2. Log sheet from power plant displaying boiler efficiency, mass of natural gas used, and mass of 
steam produced for November of 2015 
Using Eq. (3b) from Section 3.i, the boiler efficiency, 𝜂𝑏𝑜𝑖𝑙𝑒𝑟, for October 5, 2015, can be calculated. The 
following inputs, obtained from Fig. E1, were used 
      𝑉𝑜𝑙𝑓𝑢𝑒𝑙,𝑑𝑎𝑦 = 586,300 
𝑓𝑡3
𝑑𝑎𝑦
 ,   𝑚𝑠𝑡𝑒𝑎𝑚,𝑑𝑎𝑦 = 572,700 
𝑙𝑏𝑚
𝑑𝑎𝑦
   
The average per-minute condensate flow into the vent condenser was 𝑄𝑣𝑒𝑛𝑡/𝐻𝐸𝑋 = 87.25 𝑔𝑝𝑚 (taking 
the average 𝑄𝑣𝑒𝑛𝑡/𝐻𝐸𝑋 from Table F1), and the average per-minute makeup water flow into the basement 
heat exchanger was 𝑄𝑣𝑒𝑛𝑡/𝐻𝐸𝑋 = 14.48 𝑔𝑝𝑚 (taking the average  𝑄𝑣𝑒𝑛𝑡/𝐻𝐸𝑋 from Table F2). Using water 
density at 160 0F, 𝜌 =  61 𝑙𝑏𝑚/𝑓𝑡
3; average temperature rise of condensate water, ∆𝑇𝑟𝑖𝑠𝑒 =
 8.31 ℉ (taking the average ∆𝑇𝑟𝑖𝑠𝑒 from Table F1); average temperature rise of makeup water, ∆𝑇𝑟𝑖𝑠𝑒 =
 17.06 ℉ (taking the average ∆𝑇𝑟𝑖𝑠𝑒 from Table F2); specific heat of water at 160 
0F, 𝑐𝑝  =
1.0004 (𝐵𝑡𝑢/(𝑙𝑏𝑚 ℉)); and conversion factors, 𝐶2  =  0.00228 
𝑓𝑡3
𝑠 𝑔𝑝𝑚
 and 𝐶9  =  86400 
𝑠
𝑑𝑎𝑦
, 𝜂𝑏𝑜𝑖𝑙𝑒𝑟 can 
be calculated. Putting the required values into Eq. (3b) gives 
 























By including required conversion factors, Eq. (2) can be modified as  
𝐸𝑣𝑒𝑛𝑡/𝐻𝐸𝑋 =  𝜌𝑄𝑣𝑒𝑛𝑡/𝐻𝐸𝑋 𝑐𝑝 ∆𝑇𝑟𝑖𝑠𝑒 𝐶2𝐶9                                                    (𝐸1)  
 
Including the modified 𝐸𝑣𝑒𝑛𝑡/𝐻𝐸𝑋 of Eq. (E1) in Eq. (4a), and using the required numerical values, 𝜂𝑝𝑙𝑎𝑛𝑡 is 





























 ) (1018.6 𝐵𝑡𝑢/𝑓𝑡3 )
           
            = 0.98 
Here, 193.3 Btu/lbm and 1197.7 Btu/lbm are the enthalpies of boiler feed water (in compressed liquid state) 
at a temperature of 225 0F (for a pressure of 175 psig) and saturated steam at 375 0F (from steam tables). 
This is explained in Section 3.i. 𝜂𝑏𝑜𝑖𝑙𝑒𝑟 and 𝜂𝑝𝑙𝑎𝑛𝑡 were calculated for each day of the month. These 
calculated efficiencies are tabulated in Table E1. As shown in Table E1, the average boiler efficiency for 
October was 0.86 while the average boiler efficiency for November was 0.92. The average plant efficiency 
for October was 0.88 while the average boiler efficiency for November was 0.94.   
There was fluctuation in the boiler efficiencies. On close observation, it was found that, from October 2 
to October 7 of 2015, only Boiler #7 was used to produce steam. From October 9 to October 31, Boiler #8 
was used to generate steam. On October 1 and October 8, both Boilers #7 and #8 were used.  Boiler #7 is 
a relatively new boiler and hence, it can be assumed that the efficiency of Boiler #7 is higher than that of 
Boiler #8. The average efficiency for Boiler #7 was 0.96 while that for Boiler #8 was 0.84. 
The same trends were found for November of 2015. Boiler #8 was used alone from November 1 to 
November 3 of 2015. The average boiler efficiency was 0.83 for those three days.  From November 5 to 
November 8, November 10 to November 12, and November 14 to November 17, Boiler #7 was used 
individually, and the average boiler efficiency was higher, ~ 0.95.  On November 13 and from November 
18 to November 30, Boiler #7 was used along with Boiler #1. Boiler #1 being an old boiler, the overall 
average boiler efficiency decreased to 0.93. 
The boiler and plant efficiencies calculated in this Appendix have been used in Appendix F for the 









 Table E1: Calculated boiler and plant efficiencies for October and November of 2015 
























1 7 & 8 0.96 0.98 1 8 0.84 0.86 
2 7 0.95 0.97 2 8 0.82 0.84 
3 7 0.95 0.97 3 8 0.84 0.86 
4 7 0.96 0.98 4 7 & 8 0.90 0.92 
5 7 0.96 0.98 5 7 0.95 0.97 
6 7 0.96 0.98 6 7 0.95 0.97 
7 7 0.96 0.98 7 7 0.95 0.97 
8 7 & 8 0.86 0.88 8 7 0.95 0.97 
9 8 0.84 0.86 9 2, 7 & 8 0.90 0.92 
10 8 0.83 0.85 10 7 0.95 0.97 
11 8 0.82 0.84 11 7 0.95 0.97 
12 8 0.84 0.86 12 7 0.95 0.97 
13 8 0.82 0.84 13 1 & 7 0.93 0.95 
14 8 0.82 0.84 14 7 0.95 0.97 
15 8 0.83 0.85 15 7 0.96 0.98 
16 8 0.85 0.87 16 7 0.93 0.95 
17 8 0.84 0.86 17 7 0.94 0.96 
18 8 0.83 0.85 18 1 & 7 0.91 0.93 
19 8 0.84 0.86 19 1 & 7 0.93 0.95 
20 8 0.84 0.86 20 1 & 7 0.93 0.95 
21 8 0.84 0.86 21 1 & 7 0.93 0.95 
22 8 0.83 0.85 22 1 & 7 0.93 0.95 
23 8 0.83 0.85 23 1 & 7 0.93 0.95 
24 8 0.84 0.86 24 1 & 7 0.93 0.95 
25 8 0.83 0.85 25 1 & 7 0.95 0.97 
26 8 0.83 0.85 26 1 & 7 0.93 0.95 
27 8 0.83 0.85 27 1 & 7 0.92 0.94 
28 8 0.83 0.85 28 1 & 7 0.92 0.94 
29 8 0.83 0.85 29 1 & 7 0.92 0.94 
30 8 0.83 0.85 30 1 & 7 0.91 0.93 
31 8 0.84 0.86     















Appendix F: Heat Exchanger Energy Gain Calculations 
By using both the vent condenser and the heat exchanger in the basement, less fuel (i.e., natural gas) was 
used to heat the condensate/boiler feed water. In this section, the volume of fuel saved by using the vent 
condenser and basement heat exchanger with respect to the volume saved when the vent condenser and 
basement heat exchanger were not in use, and subsequently the monetary savings, were calculated on a 
yearly basis. The inputs used for calculation of the energy savings with respect to the energy saved when 
the vent condenser and basement heat exchanger were not in use, are listed below. 




Water density at 160 0F, 𝜌 =  61 𝑙𝑏𝑚/𝑓𝑡
3 
Average temperature rise of condensate water, ∆𝑇𝑟𝑖𝑠𝑒 =  8.31 ℉ (see Table F1) 
Specific heat of water at 160 0F, 𝑐𝑝  = 1.004 𝐵𝑡𝑢/(𝑙𝑏𝑚 ℉) 




Boiler efficiency for October of 2015 (Average from Table E1), 𝜂𝑏𝑜𝑖𝑙𝑒𝑟 =  0.86 
Plant efficiency for October of 2015 (Average from Table E1), 𝜂𝑝𝑙𝑎𝑛𝑡 =  0.88 
 
Example calculation of the natural gas savings by using the vent condenser with respect to the 
natural gas savings when the vent condenser was not in use between 12:12 am and 12:25 am 
on October 2015 
In order to calculate the natural gas savings for the vent condenser with respect to the natural gas savings 
when the vent condenser was not used, the energy gain of the excess condensate water has to be 
calculated. The mass flow rate of the condensate water has to be calculated first, which requires the 
density and volume flow rate of water as inputs in Eq. (F1). Once the mass flow rate (in lbm/hr) is known, 
Eq. (2) can be used to calculate the energy gain (in Btu/hr) by the excess condensate water, due to the 
use of the vent condenser. Because of the energy gain, less natural gas is used in the boiler to produce 
steam. The volume of natural gas (in ft3/min) that is saved can be calculated by using Eq. (4b). The natural 
gas savings can then be calculated by multiplying the volume of gas saved by the cost of natural gas per 
ft3. 
In order to calculate the mass flow rate (
𝑙𝑏𝑚
ℎ𝑟
⁄ ) from volume flow rate (𝑔𝑝𝑚), use  
𝑚𝑣𝑒𝑛𝑡/𝐻𝐸𝑋  = 𝜌 𝑄𝑣𝑒𝑛𝑡/𝐻𝐸𝑋 𝐶7𝐶8                                                                                       (𝐹1) 
Using Eq. (F1), for a condensate flow rate of 87.24 gpm (see Table F1) to the vent condenser, and C7 and 
C8 being units conversion factors, 
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       𝑚𝑣𝑒𝑛𝑡/𝐻𝐸𝑋 = ( 61
𝑙𝑏𝑚
𝑓𝑡3






) =  43,685
𝑙𝑏𝑚
ℎ𝑟  
⁄              (𝐹2) 
From Eq. (2), we get, 






) (8.31 ℉) 
= 364,474 𝐵𝑡𝑢/ℎ𝑟 


















     
This process was carried out for every minute for the months of October and November of 2015. Table 
F1 shows the results of calculating the volume of natural gas that was saved during 14 minutes between 
12-1 am on October 5 from using the vent condenser. 

































saved V (ft3) 
12:12 am 87.24 8.33 43683.76 365880 6.80 
12:13 am 87.50 8.35 43810.76 367428 6.83 
12:14 am 86.86 8.34 43493.26 364591 6.77 
12:15 am 87.39 8.34 43757.03 366890 6.82 
12:16 am 87.60 8.33 43864.49 367085 6.82 
12:17 am 87.18 8.38 43654.45 367609 6.83 
12:18 am 87.24 8.38 43683.76 368031 6.84 
12:19 am 87.18 8.32 43654.45 365108 6.78 
12:20 am 86.92 8.31 43522.57 363524 6.75 
12:21 am 87.24 8.27 43683.76 362851 6.74 
12:22 am 87.28 8.26 43703.30 362969 6.74 
12:23 am 87.24 8.27 43683.76 363027 6.74 
12:24 am 87.28 8.25 43703.30 362398 6.73 
12:25 am 87.44 8.29 43781.45 364719 6.78 
Average 87.25 8.31 43691.44 365150 6.77 
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Data was logged for every minute in an entire month (October of 2015) from Table F1. The volume of 
natural gas saved was calculated for each minute for the entire month of October by using Eq. (4b). All of 
the per-minute volumes were summed to give the total monthly volume of natural gas saved for October 
of 2015 by using the vent condenser and the basement heat exchanger. Calculations were performed in 
MS Excel.  
Equations (2) and (4b) were also used to calculate the volume of natural gas saved for the basement heat 
exchanger of the power plant. As explained in Section 3.iii, makeup water flow rate in the basement heat 
exchanger was not recorded on a per-minute basis because there was no flow meter in the makeup water 
pipeline. So, the flow rate was estimated, based on the temperature rise of the makeup water across the 
heat exchanger and on the hand-recorded makeup water volumes. The solenoid valves at the entrance of 
the condensate storage tanks opened/closed automatically. Makeup water flow rate was not continuous 
for all 60 minutes of each hour. This was because, for certain time periods, the solenoid valves were 
closed; so there was zero makeup water flow during those time periods. Table F2 shows the results from 
calculating the volume of natural gas based on selected readings (i.e., between 12 and 1 am on October 
5 of 2015) when makeup water was assumed to be flowing.  
For the basement heat exchanger, the weighted per-minute makeup water flow rate was calculated based 
on temperature ratios, as explained in Section 3.iii. The temperature ratio was taken as 
∆𝑇𝑟𝑖𝑠𝑒,𝑚𝑎𝑥
∆𝑇𝑟𝑖𝑠𝑒




 (see Table 2). So, from Eq. (2), for the basement heat exchanger at 12:05 am 
𝐸𝑣𝑒𝑛𝑡/𝐻𝐸𝑋 = (𝑚𝑣𝑒𝑛𝑡/𝐻𝐸𝑋  
∆𝑇𝑟𝑖𝑠𝑒,𝑚𝑎𝑥
∆𝑇𝑟𝑖𝑠𝑒
) 𝑐𝑝 ∆𝑇𝑟𝑖𝑠𝑒                                         (𝐹3)                                            
The ∆𝑇𝑟𝑖𝑠𝑒 cancels out in the equation. Because of this, the Eq. (F3) energy gain by the basement heat 
exchanger was constant for that particular hour, even though the makeup water flow rate and the 
temperature rise were different. On using the ∆𝑇𝑟𝑖𝑠𝑒 values for 12:05 am and 12:06 am, the 𝐸𝑣𝑒𝑛𝑡/𝐻𝐸𝑋 by 
using Eq. (F3) was found to be approximately 118,220 Btu/hr for both of those time points. This value is 
the same for all recordings during 12-1 am. 
The energy reclaimed by both of the heat exchangers was calculated by using the temperature data 
recorded by the HOBO data logger. However, temperature data for both heat exchangers from January 
to September of 2015 was not available because the temperature sensors were installed in October of 
2015. So, from January to September of 2015, the reclaimed energy was estimated, based on the ratios 
of the steam generated for the corresponding month to that of steam generated in October or November 
of 2015. The monthly steam generated data was available from the power plant’s boiler data log sheets 
(see Figs. E1 and E2). This steam generated ratio was then multiplied by the energy reclaimed in October 
of 2015 (for warmer weather months, i.e., April to September) or that of November of 2015 (for colder 






Table F2. Calculation of volume of natural gas saved by using the basement heat exchanger (for selected 






























flow rate Qvent/HEX 
(gpm) 
Temperature rise  in 
makeup water (∆Trise) 
(oF) 
Mass flow rate of 
makeup water ṁ 
(lbm/hr) 
12:05 am 
13.82 17.10 6761 
12:06 am 
12.60 18.75 6164 
12:13 am 12.62 18.73 6174 
12:14 am 15.93 14.84 7794 
12:15 am 13.82 17.10 6761 
12:16 am 13.43 17.60 6570 
12:17 am 12.25 19.29 5993 
12:18 am 17.68 13.36 8650 
12:19 am 13.76 17.17 6732 
12:20 am 12.79 18.48 6257 
12:21 am 13.87 17.04 6786 
12:22 am 13.76 17.17 6732 
12:23 am 
13.82 17.10 6761 
12:24 am 
18.12 13.04 8865 
12:25 am 14.24 16.60 6967 
12:26 am 14.80 15.97 7241 
12:27 am 15.30 15.44 7485 
12:28 am 17.43 13.56 8527 
12:29 am 18.06 13.08 8836 
12:30 am 15.96 14.81 7808 
12:31am 16.15 14.63 7901 
12:38 am 17.74 13.32 8679 
12:39 am 16.72 14.13 8180 
12:40 am 12.62 18.73 6174 
12:41 am 17.35 13.62 8488 
12:42 am 12.25 19.29 5993 
12:43 am 8.06 29.30 3943 
12:44 am 7.07 33.40 3459 
12:45 am 15.56 15.18 7613 
12:46 am 16.86 14.02 8249 
Average 
14.48 17.06 7085 
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In order to calculate the annual energy reclaimed by the vent condenser or basement heat exchanger, 
Eqs. (F4) and (F5) were used.  
 𝐸𝑣𝑒𝑛𝑡/𝐻𝐸𝑋,𝑚𝑜𝑛𝑡ℎ (𝑊𝑎𝑟𝑚 𝑚𝑜𝑛𝑡ℎ𝑠 (𝐴𝑝𝑟𝑖𝑙 𝑡𝑜 𝑆𝑒𝑝𝑡𝑒𝑚𝑏𝑒𝑟))                                              
= 𝐸𝑣𝑒𝑛𝑡/𝐻𝐸𝑋,𝑚𝑜𝑛𝑡ℎ (𝑂𝑐𝑡𝑜𝑏𝑒𝑟,  2015)
𝑆𝐺  (𝑓𝑜𝑟 𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑀𝑜𝑛𝑡ℎ) 
        𝑆𝐺  (𝑓𝑜𝑟 𝑂𝑐𝑡𝑜𝑏𝑒𝑟,  2015)  
                          (𝐹4) 
𝐸𝑣𝑒𝑛𝑡/𝐻𝐸𝑋,𝑚𝑜𝑛𝑡ℎ (𝐶𝑜𝑜𝑙 𝑚𝑜𝑛𝑡ℎ𝑠 (𝐷𝑒𝑐𝑒𝑚𝑏𝑒𝑟 𝑡𝑜 𝑀𝑎𝑟𝑐ℎ))                                    
= 𝐸𝑣𝑒𝑛𝑡/𝐻𝐸𝑋,𝑚𝑜𝑛𝑡ℎ (𝑁𝑜𝑣𝑒𝑚𝑏𝑒𝑟, 2015)
𝑆𝐺  (𝑓𝑜𝑟 𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑀𝑜𝑛𝑡ℎ) 
        𝑆𝐺  (𝑓𝑜𝑟 𝑁𝑜𝑣𝑒𝑚𝑏𝑒𝑟,  2015) 
                  (𝐹5) 
Here 𝐸𝑣𝑒𝑛𝑡/𝐻𝐸𝑋,𝑚𝑜𝑛𝑡ℎ is the monthly energy reclaimed by the vent condenser or basement heat 
exchanger, and 𝑆𝐺 is the monthly steam generated in lbm. 
Notice that the number of days in each month cancel out as shown in Eq. (F5.a), using April, 2015 as an 
example. Therefore, the number of days in a month did not affect the calculations.  
𝐸𝑣𝑒𝑛𝑡/𝐻𝐸𝑋,𝑚𝑜𝑛𝑡ℎ (𝐴𝑝𝑟𝑖𝑙, 2015)




𝑆𝐺   (𝑓𝑜𝑟 𝐴𝑝𝑟𝑖𝑙, 2015)
30 𝑑𝑎𝑦𝑠
𝑆𝐺  (𝑓𝑜𝑟 𝑂𝑐𝑡𝑜𝑏𝑒𝑟, 2015)
31 𝑑𝑎𝑦𝑠
                                       (𝐹5. 𝑎)  
= 𝐸𝑣𝑒𝑛𝑡/𝐻𝐸𝑋,𝑚𝑜𝑛𝑡ℎ[(𝑂𝑐𝑡𝑜𝑏𝑒𝑟, 2015)]
𝑆𝐺  (𝑓𝑜𝑟 𝐴𝑝𝑟𝑖𝑙, 2015)
𝑆𝐺  (𝑓𝑜𝑟 𝑂𝑐𝑡𝑜𝑏𝑒𝑟,  2015)
                                                                              
Based on Eqs. (F4) and (F5), the monthly energy consumption was estimated for both the vent 
condenser and the heat exchanger in the basement and is shown in Table F3. 
The total energy reclaimed by the vent condenser and that by the basement heat exchanger in 2015 was 
approximately 4,787,619,000 Btu and 1,325,550,000 Btu, respectively (see Table F3). The total 2015 
volume of natural gas saved by the vent condenser and the basement heat exchanger was approximately 
5,222,440 ft3 and 1,445,940 ft3, respectively (see Table F4).  Based on a cost of $0.0053 per ft3 of natural 
gas [17], the total 2015 savings for natural gas by using the vent condenser was approximately $27,680 
and by using the basement heat exchanger was approximately $7,660 in 2015. Those savings values were 
compared to the baseline: the vent condenser or basement heat exchanger was not in use. 
The energy reclaimed by the vent condenser was more than double the energy reclaimed by the basement 
heat exchanger. This is because the average flow rate of the water to the vent condenser was four times  
higher than the flow rate of the makeup water to the basement heat exchanger, even though temperature 





Table F3. Estimated energy reclaimed by each heat exchanger in each month of 2015 
 



























Energy reclaimed by 
basement heat exchanger 
𝐸𝑣𝑒𝑛𝑡/𝐻𝐸𝑋,𝑚𝑜𝑛𝑡ℎ 
(Btu/month) 
January  37,821,700 662,064,000 (estimated) 183,307,000 (estimated) 
February  38,179,100 668,321,000 (estimated) 185,039,000 (estimated) 
March  27,418,400 479,956,000 (estimated) 132,886,000 (estimated) 
April  19,858,400 347,619,000 (estimated) 96,246,000 (estimated) 
May  15,015,900 262,851,000 (estimated) 72,776,000 (estimated) 
June  14,563,600 254,933,000 (estimated) 70,584,000 (estimated) 
July  14,423,800 252,486,000 (estimated) 69,906,000 (estimated) 
August  14,359,000 251,352,000 (estimated) 69,592,000 (estimated) 
September  14,286,400 250,081,000 (estimated) 69,240,000 (estimated) 
October  18,118,300 317,157,000 (computed) 87,811,000 (computed) 
November  26,090,300 456,705,000 (computed) 126,447,000 (computed) 
December  33,367,700 584,094,000 (estimated) 161,716,000 (estimated) 










Month of 2015 
Volume of Natural Gas 
Saved by Vent 
Condenser      
Volfuel,saved (ft3) 
Volume of Natural Gas 
Saved by Basement 
Heat Exchanger  
Volfuel,saved (ft3) 
October  353,824 (computed) 97,963 (computed) 
November  476,984 (computed) 132,061 (computed) 








Appendix G: Pump Performance Curves and Specifications 
This appendix contains the pump performance curves of the Worthington D-824 constant speed pump 
and the Grundfos CRE 15-3 variable speed pumps. These pump performance curves were used to obtain 
the pump power consumption and the pump efficiency, when the discharge flow rate was known.  










     
        
 
  
Fig. G1a. Performance curves for Worthington D-824 constant speed pump (reproduced from Ref. 7) 
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Knowing the flow rate and the impeller diameter of the pump (i.e., 5.05 inches), the pump’s power 
consumption and the efficiency were read from Fig. G1a. For example, when a flow rate of 150 gpm was 
considered, the corresponding power consumption of the pump was approximately 6.4 hp, and the pump 
efficiency was 0.6. This was done using pencil and straight edge, since no online version of this curve was 
available.  There is no information available about whether the efficiency read from this curve is the 
overall pump efficiency or just the motor efficiency. For this thesis, the efficiency read from this pump 
curve was considered to be overall pump efficiency. In Fig. G1a, the pump performance curve for the 
Worthington D-824 pump is shown, while Figs. G1b and G1c show the technical and construction 






























Fig. G1c. Construction data sheet of Worthington D-824 constant speed pump (reproduced from Ref. 7) 
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Fig. G2a. Performance curves for Grundfos CRE 15-3 variable speed pump (reproduced from Ref. 37)  
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Just as in the case for the Worthington pump, knowing the flow rate and the discharge pressure of the 
Grundfos pumps, the pumps’ power consumption and the efficiency were read from Fig. G2a. For 
example, when a flow rate of 120 gpm was considered along with a discharge head of 50 psi, then the 
corresponding power consumption of the pumps was approximately 4.584 kW, and the pump efficiency 
was 0.569. In Fig. G2a, there are two red lines, one in the lower plot and one in the upper plot. The red 
line in the lower plot indicated the power that the pump delivered to the water (the hydraulic power) 
while the other indicated the number of pumps in operation. If the input data point was below or on this 
red line, this meant that only one pump was running. If the input data point was above the red line, this 
indicated that both pumps were running simultaneously. The curve is available online, and the discharge 
pressure and the discharge flowrate can be input to give the pump power and efficiency automatically. It 
is clearly specified in the pump data sheet that the efficiency generated is the overall combined pump, 
motor and VFD efficiency. This efficiency for the Grundfos pumps was used for this thesis. In Fig. G2a, the 

















Fig. G2b. Technical specifications for Grundfos CRE 15-3 variable speed pump (reproduced from Ref. 37) 
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Appendix H: Data from Pumps 
This appendix shows the plots of the flow rate and the power consumption of the Worthington and the 
Grundfos pumps from June of 2015 to November of 2015. For the data shown in this appendix, the 
Grundfos pumps were always run in pressure control mode. 
H1. Flow Rate of Condensate Water from June of 2015 to November of 2015 
The plots for the flow rates of Worthington Pump and the Grundfos Pumps from June of 2015 to 
November of 2015 are listed in Table H1. 
 
Table H1. List of plots of pump discharge flow rate from June of 2015 to November of 2015 
Fig. No. Time period of recorded data 
(2015) 
Pump  
H1 June 1- June 7 Worthington 
H2 June 8 - June 15 Grundfos 
H3 June 29 – July 6 Worthington 
H4 July 13 – July 20 Grundfos 
H5 July 28 – August 3 Worthington 
H6 August 3 – August 10 Grundfos 
H7 August 24 – August 31 Worthington 
H8 August 31 – September 7 Grundfos 
H9 September 21 – September 28 Worthington 
H10 September 28 – October 5 Grundfos 
H11 October 19 – October 26 Worthington 
H12 November 16 – November 23 Grundfos 
H13 November 23 – November 30 Worthington 
 
There are four condensate pumps in the basement of the power plant. The power plant staff switch the 
pumps every week, mainly for longer lives of the pumps. So, the Worthington and the Grundfos pumps 
are run only once every month. This explains why there are multi-week skips in the plots listed in Table 
H1. 
For both the Worthington and the Grundfos pumps, the Siemens MagFlow meter was used to record flow 
rate data. In addition, the Grundfos pumps’ control panel also calculated the flow rate of the Grundfos 
pumps by using the discharge pressure and power consumed by the pumps. Therefore, in the flow rate 
plots for the Grundfos pumps, there are two separate readings – one from the Siemens recordings and 
the other from the Grundfos control panel. For the calculations of power consumption for the Grundfos 
pumps, the flow rate readings from the Siemens flow meter were used. Also, for certain days during the 
weeks when the Grundfos pumps were running, there was data missing due to the laptop being 




Fig. H1. Flow rate of condensate water when Worthington pump ran from June 1 to June 7 of 2015 
 
 
Fig. H2. Flow rate of condensate water when Grundfos pumps ran from June 8 to June 15 of 2015 
 





Fig. H3. Flow rate of condensate water when Worthington pump ran from June 29 to July 6 of 2015 
 
 
























Fig. H8. Flow rate of condensate water when Grundfos pumps ran from August 31 to September 7 of 
2015 
No data recorded 








Fig. H9. Flow rate of condensate water when Worthington pump ran from September 21 to September 
28 of 2015 
 
 
Fig. H10. Flow rate of condensate water when Grundfos pumps ran from September 28 to October 5 of 
2015 
 
No data recorded 
















Fig. H13. Flow rate of condensate water when Worthington pump ran from November 23 to November 





















H2. Power Consumption of Pumps from June of 2015 to November of 2015 
The plots of power consumption of the Worthington Pump and the Grundfos Pumps from June of 2015 
to November of 2015 are listed in the Table H2. 











The plots for the power consumption for the weeks of June 8 to June 15, and September 28 to October 5, 
are incomplete in this section. The Grundfos pumps ran during those two weeks. There were connection 
problems with the Gateway laptop to the Grundfos control panel, due to which, the power consumption 
of the Grundfos pumps was not recorded for every single day for those two weeks. So, data was taken 
from June 12 to June 15; and from September 29 to October 5. The power consumption was only recorded 
for 4 days from August 31 to September 7; while power consumption between 1:30 pm and 3:30 pm on 
September 30, 2015 was erroneous because level control mode for the Grundfos pumps was run with 
incorrect settings for the control panel.  
 
Fig. H14. Power consumption of Worthington pump when it ran from June 1 to June 7 of 2015 
Fig. No. Time period of recorded data 
(2015) 
Pump  
H14 June 1- June 7 Worthington 
H15 June 12 - June 15 Grundfos 
H16 June 29 – July 6 Worthington 
H17 July 13 – July 20 Grundfos 
H18 July 28 – August 3 Worthington 
H19 August 3 – August 10 Grundfos 
H20 August 24 – August 31 Worthington 
H21 September 1 – September 7 Grundfos 
H22 September 21 – September 28 Worthington 
H23 September 29 – October 5 Grundfos 
H24 October 19 – October 26 Worthington 
H25 November 16 – November 23 Grundfos 









Fig. H16. Power consumption of Worthington pump when it ran from June 29 to July 6 of 2015 
 
 
No data recorded because 













































Fig. H24. Power consumption of Worthington pump when it ran from October 19 to October 26 of 2015 
Level Control Mode attempted 











Fig. H26. Power consumption of Worthington pump when it ran from November 23 to November 30 of 
2015 
